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SUMMARY
There is a continuing demand for improvements in both the emission 
levels and operating efficiency of all internal combustion engines. 
The diesel engine is able to make improvements in both of these 
areas through the use of thermal insulation. In addition a low heat 
rejection engine should be capable of using lower cetane fuels and 
exhibiting reduced noise levels than its uninsulated equivalent. The 
refractory nature of many ceramics make them ideal candidate 
materials for thermal insulators.
This thesis includes a theoretical study of the temperatures and 
stresses likely to be encountered by ceramic eHgine components. 
Both ceramic monoliths and zirconia coatings have been examined, 
under both steady state and transient loadings. The finite element 
code ANSYS was used for some of this steady state work. . in 
addition a program was written specifically for the analysis of disc 
shaped components. This program was used to examine the 
propagation of stress waves through ceramics in response to a 
transient thermal load. Further work examined the residual stresses 
introduced into zirconia coatings during the process of plasma 
spraying.
An experimental programme was initiated to explore the ability of 
ceramic coated or capped components to withstand the thermal and 
mechanical stress cycling of the diesel engine. A rig was built to 
simulate the in cylinder conditions of a diesel engine without the 
process of combustion. Ceramic components can be tested to 
distruction within this environment without damaging the test rig.
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1.1 THE USE OF CERAMICS TO INSULATE DIESEL ENGINE
COMPONENTS
The concept of the adiabatic engine has been brought to the fore by 
Kamo at Cummins, and Bryzlk of TARADCOM. lj2 Their original 
theoretical work suggested that an uncooled diesel engine 
incorperatlng turbocompounding could attain a 48% thermal 
efficiency, whilst an unlubricated engine could achieve 56% 
efficiency. These claims may have seemed a little extravagant, but 
it Is clear that appreciable efficiency gains can be made through 
insulation.
There are three main reasons for using insulation in the internal 
combustion engine;
i/ To Increase the temperature in the combustion chamber, so lower 
quality fuels can be burnt with acceptable emission levels. This 
characteristic is important because the quality of diesel fuel has been 
worsening in recent years and will continue to do so for several 
reasons;
a) The increased demand for diesel fuels.
b) New areas of production are now available with a consequent 
change in quality.
c) In the future as the easily accessible and better quality fuels 
run low then fuel quality will drop.
Eventually substitutes for petroleum such as liquified coal, alcohol, 
and shale oil. may become the only available fuel sources.3 If
these substitutes are used a decrease in cetane rating will be 
expected. The use of insulation will allow the introduction of these 
alternative fuels.
ii/ Reducing the heat loss from the combustion chamber can lead to 
an increase in the thermodynamic efficiency. This follows as the
2introduction of insulation reduces heat loss from the cylinder. In 
turn this leads to higher gas temperatures, and potentially to higher 
efficiencies. As the level of insulation increases, so do the surface 
temperatures in the combustion chamber. This leads to one of the 
main problems with thermal insulation; as air is drawn into the 
cylinder, it becomes heated by the combustion chamber surfaces, 
the accompanying decrease In volumetric efficiency lowers the 
potential output of the engine. It must also be recognised that there 
is little point in insulating an engine and thus increasing the exhaust 
enthalpy, unless this energy can be extracted in the form of work. 
With the naturally aspirated engine very little of the extra thermal 
energy is turned into shaft work. The naturally aspirated adiabatic 
engine therefore shows little improvement in thermal efficiency over 
the uninsulated equivalent; on the contrary, a worsening of 
performance often results. The full advantage of insulation is 
therefore not realised unless turbocharging or preferably compounding 
is used. This both corrects the lower volumetric efficiency, and can 
be used to extract the energy still available in the exhaust gases.
There are many different schemes which are available to extract this 
extra work, two of these are shown in figure 1 .1 ,4 together with 
three conventional uninsulated schemes. The high gas enthalpy 
available with these insulated designs is used to provide additional 
output power via the exhaust turbine. A further efficiency gain can 
be achieved through the use of the Rankine cycle, where further 
energy is extracted from the exhaust gases, through a vapour cycle 
turbine.
Iii/ Less cooling equipment is needed. This is especially important 
in military vehicles where cooling equipment is sensitive to combat 
damage, and the power used by the cooling equipment is high. In 
road vehicles the reduction in radiator size, or its elimination can 
further increase overall efficiency levels through a gain in 
aerodynamic efficiency.
In addition to these advantages there are various other reasons to 
insulate the diesel engine;
3a) Ceramics are often less dense than metals, so weight 
improvements are available.
b) Ceramics may not need as many cooling passages as their 
metal equivalents, so castings may be simpler.
c) The use of ceramics in the combustion chamber and exhaust 
ports can reduce the emission levels, particularly of 
hydrocarbons.
d) Ceramics can be used in areas such as the valve gear and 
bearings because of their high wear resistance. It may even 
be possible to dispense with lubricants in this area.
e) The high refractory nature of ceramics will ease the 
temperature limits in high BMEP engines.
Much of the early work directed towards the insulation of diesel 
engines was conducted using all metal components with air gaps 
incorporated into their structure to provide the required insulation. 
Metallic components were chosen in preference to ceramic because 
there was considerable doubt about the usable mechanical strength of 
ceramics. This is a satisfactory solution where low levels of 
insulation are required, but as the thermal resistance is increased so 
is the surface temperature of the metal, this will eventually pass the 
metalurgical limit. At these high temperatures ceramic materials 
offer the only realistic solution, their refractory nature making them 
ideal for this application. In addition many ceramics have low levels 
of thermal conductivity, therefore additional insulation though the use 
of air gaps may not be necessary. Ceramics with higher conductivity 
can make use of the air gap method to provide the required 
insulation, only if their mechanical strength is sufficient to maintain 
an unsupported region above the air gap.
1 .2  TRULY ADIABATIC ENGINE OPERATION
The concept of the adiabatic engine. In which there is no heat 
transfer away from the combustion space, has existed for some time. 
However the term adiabatic in the context of this work is a misnomer, 
as there will always be heat loss to the surroundings. An adiabatic 
engine is generally taken to be one where attempts have been made 
to minimise the heat flow. It is not sufficient merely to reduce the
4level of cooling, as heat will pass from the working fluid to the walls 
during the power stroke, and in the reverse direction during 
induction, this effect will limit efficiency grains. What is needed 
ideally is complete absence of heat flow from the gas to wall.5 this 
can only occur when the wall temperature exactly follows the gas 
temperature. It thus follows that for high efficiency operation not only 
are low thermal conductivity materials required, but also low thermal 
capacity (density * specific heat). The term thermal inertia b. Is 
used as an indication of the suitability of a material as an insulator, 
where;
b = k p Cp
where k = thermal conductivity 
p = density 
Cp = thermal capacity
Valland and Wyspianski9 have examined the effect of thermal inertia 
using a cycle simulation program incorporating a thermal network. 
The wall temperature fluctuations are shown in figure 1.2. For 
zirconia. where b=3.5x10®. the temperature fluctuation is ±50°C. 
whilst for steel with b=2xl08 the swing is around ±10°C. It is
therefore evident that true adiabatic operation is impossible to achieve 
in practice.
1.3 RESEARCH AT BATH UNIVERSITY INVOLVING THERMAL
INSULATION
The work at Bath University has followed similar trends to many other 
research centres. 5'6'7'8 interested in the insulation of diesel engines. 
Initial Investigations were intended to establish a theoretical 
understanding of the mechanism of insulation, using both computer 
based cycle simulations and Fourier analysis. Later this work was 
extended into two areas;
i) Experimental work: Following the initial theoretical study it was 
decided that an experimental programme was worth pursuing. 
Because little practical experience was available with ceramic
5materials, the initial work made use of an air-gap all metal piston in 
a single cylinder Petter PH1W engine.10 The resulting design is 
shown in figure 1.3.  and makes use of a nimonic crown and 
aluminium piston body. To avoid direct attachment between nimonic 
and aluminium a collar was used into which bolts located. These 
bolts fix the crown to the collar, leaving the piston body free to take 
up any expansion mismatch. By scalloping the insert between crown 
and piston body the air gap was extended over virtually the whole of 
the underside of the crown, leading to a reduction in heat flow of 
over 50%. A moving arm linkage was used to provide instrumentation 
of the piston. This work has now been extended to include an 
insulated liner.
ii) Theoretical work: An in house finite element program written by
Kao11'12 was used to analyse the performance of the air gap piston 
mentioned above. A cycle simulation program, CSP13 was used to 
examine the theoretical performance of various adiabatic engine 
schemes, and different insulating materials.
Work has since tended towards on a greater emphasis on the use of 
ceramics with the procurement of a range of test equipment capable 
of studying the performance of various ceramic materials and design 
concepts. The following three stage test schedule has been devised;
a / Initial testing of ceramic samples in a mechanical proof test 
rig, and thermal shock rig. The proof test rig shown in figure 
1.4,  is capable of applying a known pressure drop across a 
ceramic disc. Large ceramic samples (80mm diameter) can 
therefore be tested at room temperature before insertion into 
the ceramic insuation test rig. The thermal shock rig uses high 
power Quartz Halogen lamps and focusing devices to heat a 
ceramic test piece for a controlled length of time before the 
sample is cooled. Similar thermal loadings should be attainable 
to that in an operating diesel engine. These two tests can be 
used as a simple check on the suitability of ceramic materials 
for the diesel engine environment.
6b/ Use of a ceramic insulation test rig. This apparatus can 
produce a repeatable and controllable environment with 
pressure and temperature peaks comparable to that in a firing 
engine, and at a similar frequency. This rig can be used to 
test both material suitability for the diesel engine environment 
as well as proposed attachment methods. The design and 
commissioning of this rig form the practical side of the author's 
work and are discussed in more detail later.
c / Component testing in a fired diesel engine. The Petter 
PH1W engine used for testing the air gap piston can. similarly 
be used for testing ceramic pistons and liners, once sufficient 
expertise has been established with the insulation test rig.
1 .4  SUMMARY OF INVESTIGATION AND THESIS STRUCTURE
The first part of this thesis contains a literature review of work carried 
out into the use of ceramics in the diesel engine. Included in this 
section is a summary of the behavioural characteristics of ceramics. 
Engineers often complain that material scientists do not present the 
ceramic data available in a form which is of use to them, whilst 
material scientists complain that engineers do not tell them the form 
in which they require the data. This section therefore explores both 
the properties of ceramics and the best way for these properties to 
be presented, together with the most appropriate testing methods.
The second part covers the theoretical work pursued. This includes 
a description of a program written by the author for deriving transient 
and steady state stresses present in disc shaped components, 
together with a description of the finite element work undertaken.
a) This disc analysis although less adaptable than a finite element 
package, has a greatly reduced computer run time; to predict the 
transient temperature and stress distibutions in a ceramic disc subject 
to an oscillatory thermal boundary conditions over a real time of 20 
seconds takes about 20 CPU seconds using this program. This 
represents a vast time saving over a transient finite element program 
whose run time for the same problem would amount to over one CPU
7hour. The low run time of this program has been used to establish 
relationships that would otherwise take too long to discern, such as 
the effect on the predicted stress levels of an error in material
property data, and to assess the residual stresses developed in 
zirconia coatings as a result of the plasma spraying process.
b) A large number of finite element runs were also undertaken using 
the finite element package ANSYS. further developing the concepts 
and trends established using the disc program mentioned above. 
Attempts were also made to set up simplified models of the cracking 
present in ceramic coatings. The purpose behind these investigations 
has been to find criteria under which the stresses in ceramic
components can be minimised and hence life increased.
The third part is concerned with the construction of the ceramic 
insulation test rig. The aim of this rig was to provide a controllable
and repeatable environment for the testing of ceramic specimens.
The temperature and pressure were to be of a similar level to that in 
a firing engine, whilst providing a design which ensured that a failure 
of the ceramic would not cause damage to the rest of the engine 
structure. Unfortunately due to illness of workshop personnel 
associated with this work the initially envisaged schedule was delayed. 
In addition a rebuild of the test cell where the apparatus was sited 
was undertaken part way through the work causing further delays. 
The quantity of experimental tests originally envisaged has therefore 
not been achieved. Despite these problems the rig still forms an 
important addition to the equipment available at Bath.
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FIGURE 1.2 WALL TEMPER ATTIRE FLUCTUATION FOR DIFFERENT VALUES OF b
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FIGURE 1.4 HYDRAULIC PROOF TEST RIG. 1
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82 PROPERTIES OF CERAMICS
2.1 BONDING OF ATOMS
The difference in the behaviour of ceramics and metals can be 
explained by the dissimilarity of their atomic structures, which are in 
turn the consequence of their different types of atomic bonds. There 
are three main mechanisms through which atoms interact with one 
another to form atomic structures, these are referred to as metallic, 
ionic and covalent bonding.
a) Metallic bonding: Metals generally make use of metallic
bonding, in which a cloud of electrons is formed, leading
to a net attraction between the nuclei. Densely packed 
structures generally result, helped by the fact that all the atoms 
in a pure metal are of the same size. This arrangement, for 
reasons explained later leads to the ability of metals to exhibit 
ductility and so redistribute loads.
Bonds which form in ceramics are usually Ionic or covalent in 
character, although in practice both types of bond are present in the 
same structure.
b) Ionic bonding: This occurs where one atom permanently 
loses one or more electron to the atom of another material. 
Each of the atoms formed will have a charge, this holds them 
together as a molecule with a zero net charge. Other 
molecules will be attracted, forming a structure which minimises 
the total energy of the system, this is generally regular in form, 
so building up a crystal.
c) Covalent bonding: When two or more atoms share electrons 
a covalent bond is formed. A directional distribution of 
electrons and hence charge is formed, this leads to a regular 
orientation of the atoms and hence to the formation of a 
crystal.
9Whilst ionic bonding will lead to a close packing of atoms, covalent 
bonding does not. Materials with ionic bonds have high strength, 
and melting temperatures, with low level thermal expansion. These 
properties arise from the atomic layout, as examined latter.
There are two types of atomic layout, found as a consequence of 
these different bonds. Close packed, which is a characteristic of 
ionic and metallic bonds where the distance between ions (charged 
atoms) is minimised, and not close packed structures, existing with 
covalent bonding.
As pure metals have atoms of regular size, the regular geometry of 
close packing is formed, as shown in figure 2.1.  Materials with 
ionic bonding still attempt to form close packing, but the presence of 
more than one atom type leads to a less regular layout, as in figure 
2. 2. and a more open structure. This variability of atomic density is 
one of the factors leading to the difference in properties between the 
two material groups.
Not all atomic arrangements are as regular as the metals and 
ceramics mentioned above, a typical example of a non crystaline 
structure are the glasses. A glass is formed when a molten ceramic 
composition is cooled so rapidly that the atoms do not have time to 
re-arrange themselves in a periodic structure, as in figure 2.3.  The 
glasses formed are often good thermal insulators with low thermal 
expansion.
2 .2  EFFECT OF ATOMIC LAYOUT ON PHYSICAL PROPERTIES
2.2 .1  THERMAL CONDUCTIVITY
Heat is carried through a solid material either by vibration of the 
atomic structure or via the movement of electrons. With metals the 
free electrons created by metallic bonding are able to act as heat 
carriers through the material. By adding alloying materials to pure 
metals the ease with which the electrons move through the atomic 
structure is reduced, so the conductivity is also lowered. In ceramics 
there are no free eiectons. so heat transfer can only occur through
10
vibration of the atomic structure (phonons). Their conductivity is 
therefore generally lower than that of metals. Radiation also can be 
a significant source of heat transfer in ceramics at high 
temperatures. Materials with a high level of porosity will therefore 
exhibit an increase in thermal conductivity at elevated temperatures. 
Despite this, porous materials are generally good insulators.
2 .2 .2  THERMAL EXPANSION
As the temperature of a material increases so does the vibration of 
the atomic structure. In metals the close packing leads to very little 
free space, consequently this vibration causes an appreciable 
expansion in component size. Ceramics however have a much more 
open structure, vibration can therefore be accomodated without a 
high level of expansion. Potentially materials with low thermal 
expansion can have a good resistance to thermal shocks, and can 
survive thermal cycling.
However, not all materials exhibit smooth, continually changing 
dimensions with temperature. Some materials called polymorphs can 
exist in more than one crystalline form. A switch between forms can 
be brought about by a temperature rise, which increases the level of 
atomic vibration to a point where the original structure is no longer 
stable. Zirconium oxide is an example of such a material, which 
changes form at about n 7 0 °C . accompanied by a 3% volume 
change.
2 .2 .3  DUCTILITY
In brittle failure fracture occurs when two adjacent layers of atoms 
become separated, without a large change in their position relative 
to the other atoms further into the material. With ductile failure, 
adjacent layers of atoms slide past each other, this does not alter the 
relative positions of atoms away from the flaw. So why do the layers 
of atoms present in ceramics crack apart and not slide past one 
another?
11
The first and most important reason is a consequnce of the way the 
atoms are arranged. Metallic bonds produce a regular structure, so 
there are a large number of different planes in which atom layers can 
slide past one another. Ceramics with mixed covalent and ionic 
bonding do not posess such a large number of slip planes. The 
ceramics which do have good atomic symmetry, and thus several slip 
planes, have the highest ductility. However yielding is controlled not 
only by the number of slip planes present in the atomic structure, but 
also by the level of imperfection. For slip to occur in a perfect
crystal, the stress levels would be very high as all the atoms in one
plane would simultaneously have to slide past one another. If a flaw 
exists, however, this dislocation can gradually move through the 
atomic plane, as in figure 2.4.  19 thus increasing the ability of 
creep to redistribute stresses.
These defects are of several types, a Frenkel defect is one in which
an atom is moved from its original position. A Schottky defect exists
where an atom is completely missing. It can be shown through 
thermodynamic equilibrium that any crystal at a temperature above 
absolute zero will contain these vacancies.
Another defect type exists where an atom of impurity has filled a 
vacancy. Entropy dictates that any pure crystal will disolve impurities 
it comes into contact with. These impurity atoms tend to block the 
ability of creep to take place.
2 . 2 . 4  YOUNG'S MODULUS
An applied tensile load will attempt to move atoms in the structure 
further apart. Where the attraction between these atoms is greatest, 
as in covalent bonding, then Young's Modulus will be high. In an 
lonlcally bonded structure the Young's Modulus is low. Since 
ceramics use both types of bonding structure the range of Young's 
Modulus exhibited is very large. Consequently despite the difference 
in atomic structure between metals and ceramics it is possible to 
select an example from each group where the moduli of elasticity are 
fairly close. So the deformation caused by an applied load in each 
case is similar.
12
2 . 2 . 5  CRACK GROWTH
In metals a crack large enough to cause a significant deviation in 
strength away from the mean can be detect by NDT. In ceramics 
cracks which are too small to be detected can significantly reduce the 
usable strength of a component. The reason for this difference again 
relates to the two types of atomic structure.
When energy is applied to a material this energy can cause an 
increase in the surface area of the component. Since the surface 
of a liquid or solid is in tension this process effectively stores the 
energy input, as in figure 2. 5. Grifiths was the first to recognise a 
link between fracture and energy storage through an increase in 
area. (The propogation of a crack also increases the surface area 
of a component) He developed the idea and established a theoretical 
strength for a given material:
where E = Young's Modulus
2G = Surface energy of the solid /m  
x = distance between atomic layers
We find from experimentation that;
G = E x 
20
Allowing for the fact that Hooke's law is only approximate for large 
strains, then the strength of any solid should be around E/10 to E/5.  
Practical materials reach only a fraction of this theoretical strength. 
This is now known to be due to the presence of cracks in the 
material. These cracks have a very high stress concentration at their 
tip. any structure with a crack will therefore have a breaking strength 
much less than this theoretical limit. There are two stages in the 
formation and growth of these cracks.
13
i) Cracks can be introduced through surface damage, or can 
be generated through the process of plastic deformation where 
dislocations will pile up at grain boundaries. The crack will 
continue to grow in this manner until the critical crack size is 
reached, this process is called sub-critical crack growth.
ii) Once a crack of critical size is formed, the crack growth will 
accelerate rapidly. Griffiths observed that a crack will 
propagate if the elastic energy released by its passage (stored 
energy) is greater than the surface energy needed to extend it.
This critical crack size I can be shown to be equivalent to;
I = 2 G E
9  T
7T O
In reality the energy required to make a new surface is greater than 
the energy stored in the surface G. This is because it not only must 
cause the adjacent atoms to be torn apart, but energy will be 
absorbed when the atomic structure is disturbed at a greater depth. 
In practise;
where W is the work of fracture.
As metallic structures are close packed, the amount of damage done 
to the substructure by prising two atoms apart is very great, hence 
W is large, and the critical crack size is also large. With ceramics 
their less dense structure the atoms can be separated without 
disturbing those around them, W therefore approaches G. and the 
critical crack size becomes very small.
This is the important difference between ceramics and metals, critical 
crack length In a ceramic material will often be too small to detect, 
the first indication of its presence will be a catastrophic failure.
%As a consequence of the random nature of the size and distribution 
of cracks the strength of a given ceramic material will be uncertain, 
and can only be expressed in terms of statistical analysis. This is 
something most engineers are not used to, but the aerospace 
industry for many years has been using statistical methods. The 
maximum stress a material can be subjected to. is chosen so that it 
has an acceptable probability of surviving under that condition. This 
probability is chosen according to how dangerous a component failure 
would be, where public safety is concerned very high probabilities are 
used.
2 . 2 . 6  OTHER PROPERTIES
The more open structure of ceramics helps to contribute towards the 
low densities generally domonstrated by ceramic materials. However 
the density is still mainly dictated by the atomic weight of the 
elements of which they are composed.
Similarly a low Poisson's ratio would be expected in an open 
structure, where movement in one plane has little effect on the 
dimensions in the other planes.
2 .3  ENGINEERING PROPERTIES
Having examined the differences in the atomic structure of metals and 
ceramics, and how these effect their general behaviour we now need 
to examine the engineering properties of ceramics in greater depth to 
judge where their use is appropriate.
The mechanical behaviour of ceramics is generally divided into two 
regions, the low temperature region where plasticity is unimportant, 
and the high temperature region where plasticity takes place. Only 
the low temperature behaviour is well understood. Fortunately with 
most ceramics we shall be considering, the temperature at which 
creep becomes significant is outside the operating range likely to be 
encountered in the internal combustion engine.
2.3 .1  TENSILE STRENGTH
When analysing the strength of ceramics there are two areas which 
must be considered;
I) Scatter; A far wider distribution of properties is exhibited by 
a ceramic material than a metal! Any description of the 
strength of a ceramic must include a guide to the range of 
properties likely to be encountered.
ii) Time dependance; the highest load is not always the most 
likely to cause a failure, a lighter load applied for a longer 
period of time can be more likely to lead to a failure.
The first of these two phenomena can be represented by the Weibull 
approach. This assumes a ceramic test piece under uniform stress 
will fail at the most severe flaw. Weibull proposed the following 
relationship, giving the probability of failure P. at a given stress as;
where o is the applied stress, 
o is the stress at which the probability of failure is zero. 
oQ is the stress at which the probability of failure of 0. 632 
m is the Weibull modulus, and is a measure of the data scatter.
These constants are determined from large numbers of experimental 
tests, the resulting probability distribution being shown on Weibull 
paper as in figure 2.7.  15
This approach can be extended to cover the effect of component 
size. It is obviously more likely to find a given sized flaw in a large 
specimen than a small one.
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Where PCv) is the probability of failure in a given volume, v.
It follows that if two specimens are equally likely to fail then their 
volumes v^. v2 and their uniform stresses a2 will be related by 
the equation;
The time dependence of strength can also be brought into this 
analysis. if a ceramic is subject to a load any cracks present will 
grow over a period of time. As the crack grows so does the stress 
concentration at its tip. The stress intensity factor at which the crack 
will propagate and lead to failure is called the critical stress intensity 
Kjc or the fracture toughness. It can be shown that;
t  ^ is the time to failure at stress <j.j 
t2 is the time to failure at stress a2 
n is a constant
This information can also be represented on a Weibull diagram as 
shown in figure 2.7.  15 The probability of failure for each load is 
given at various time steps (decades).
2 . 3 . 2  THERMAL SHOCK
In any situation where a ceramic is subject to rapid heating or cooling 
it is of value to consider thermal shock parameters. These give an 
indication of the crack initiation resistance of different materials. 
There are many different types of parameter, each with a slightly 
different formulation, it is clear that good thermal shock resistance is 
associated with high values of strength. and high thermal 
conductivity; similarly low values of Young's Modulus and coefficient 
of thermal expansion are required;
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hence R' = K ( 1 -  v )
7 E
where K is the thermal conductivity 
y is the thermal expansion 
v is Poisson's ratio
However, these parameters do not always give a true indication of the 
fracture toughness. As an example partially stabilised transformation 
toughened ZrOg has a very high coefficient of thermal expansion, and 
only a moderate strength but has excellent thermal shock resistance 
due to its high fracture toughness. Which of the many parameters 
is most appropriate in a given situation is difficult to judge. Another 
criterion which takes into account how easily cracks propagate is as 
follows;
R'" = 0  E
o 2 ( 1 -  v )
where 0  is the fracture surface energy
2 . 3 . 3  POROSITY
Many methods of manufacture used in the fabrication of ceramic 
components inevitably lead to high levels of porosity. This porosity 
does lead to a reduction in conductivity, which is beneficial in many 
situations: however the pores are generally also the cause of 
difficulties. In particular the strength of ceramics is reduced by the 
presence of pores as they act as crack initiation sites, this reduction 
in strength is dependent on several factors;
i) The shape, and size of pore
ii) Their position with respect to the surface
iii) the distance between pores
Different microstructures are shown in figure 2.8.  Evans and Tappin 
have produced an equation giving the theoretical strength of a 
material with a flaw in the surface, where the reduction in strength
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is the greatest:
where Y is a constant dependent on flaw configuration “ 1. 5 - * 2 . 0  
Z is a constant dependent on flaw shape «* 1 -*2
Using suitable values for the constant Y and Z this equation can 
adequately represent the effects of pore shape and size.
The analysis of flaws within the bulk of the material is more difficult 
and dependent on many factors. If the pore is close to the surface, 
the bridge of material supporting it from the surface may break, 
resulting in a flaw causing greater weakness than the original flaw, 
even if it was at the ceramics surface. Figure 2 .9  shows the 
theoretical reduction in strength according to flaw size. 19
If pores are close together there is a chance that the bridges 
between the flaws will crack creating a much larger flaw. The
following all have the same theoretical effect on strength. 20
crack size No of cracks distance between cracks
Atm (fraction of crack size)
477 1 -
95 5 0 .3
40 oo 0.575
2 .4  PROPERTY DETERMINATION
In recent years the range of ceramic materials available has 
increased dramatically. Many of these new materials display 
properties which make them potentially useful engineering materials. 
However before they can be used by engineers their properties must 
be accurately measured and the results published. Unfortunately the 
tests carried out by material scientists are generally for the purpose 
of comparing different ceramic materials, and the test methods are
19
often inappropriate for measuring the properties engineers need to 
know. This is unfortunate as there are often more appropriate testing 
methods available;
2 .4 .1  TENSILE STRENGTH
As has already been mentioned the strength of ceramics cannot be 
stated by a single figure. Instead the mean strength and an 
indication of the spread of strengths must be given. This type of 
information can only be obtained through an extensive test 
programme. The number of tests is not the only consideration, the 
strength of a ceramic is to a large extent dependent on the number 
and type of flaws; the number of flaws is in turn dependent on the 
volume of material tested. To obtain an accurate measure of the 
strength of a ceramic it is the cumulative volume of material that is 
tested which is important, not just the number of tests.
Engineers are used to having the tensile strength of a material 
characterised through the use of tensile tests. This is an excellent 
test method as it puts a large volume of the test piece under tension 
as shown in figure 2. 10. Unfortunately the fabrication of these test 
pieces in ceramic is very expensive, and very exact alignment needs 
to be used when setting up the test.
The most frequently used method of characterising the strength of a 
ceramic material is through the bend, or flexural strength test. A 
variety of different specimen shapes, supports and loading 
mechanisms are employed, but they all have the same major 
weakness as a test method. Only a small volume of the test piece 
is subject to a high tensile load, as in figure 2.11.  Typically the 
strength given by a bend test is two to three times that in a tensile 
test. An attempt has been made to include an allowance for this 
effect, using stress volume integrals, explained later. This does 
produce more realistic values of tensile strength. However, even this 
analysis assumes that the flaw density in a small test piece is the 
same as that in a large one. This is often unrealistic as the volume
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tested In some test pieces Is so small. ( A 2-3mm thick disc in a 
bend test only has the bottom l /2mm subject to high tensile loads) 
Similarly the manufacturing methods used are often best suited to 
small test pieces, which will inevitably have a lower flaw density than 
a large test piece.
The hydrostatic tensile test is perhaps the best test method for 
ceramic materials at room temperature. A ceramic cylinder is placed 
around a fluid filled bag, as in figure 2. 12. hydrostatic pressure 
puts the entire volume under tension.
When determining which type of test method is appropriate it is 
important to recognise that it is the quality and not the quantity of 
tests which is important in establishing the tensile strength of 
ceramics. Wherever possible large test pieces should be used, with 
a test method that maximises the volume held in tension.
2 . 4 . 2  YOUNGS MODULUS
There are two main methods of measuring Young's Modulus
The first can be carried out at the same time as the tensile test 
mentioned before, a graph of stress vs strain must be produced, and 
Young's Modulus measured from its gradient. This is an excellent 
test at room temperature where strain gauges are used to produce 
the load deflection diagram.
Young's Modulus can also be measured by using the relationship 
between the resonant frequency and Young's Modulus;
E = C M f2
where f is the frequency of vibration 
M is the mass
C is a constant dependent on the specimen size, shape 
and Poisson's ratio.
The resonant frequency is measured and used with published values
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for the above constants. This method is more appropriate at higher 
temperatures where the strain gauges in the former method cannot be 
used.
2 . 4 . 3  CONDUCTIVITY
There are two basic types of conductivity measuring tests, static and 
dynamic. 78 Static methods measure the steady state temperature 
gradient in a material sample together with the heat flow. Dynamic 
methods employ transitory applied heat inputs: the temperature
changes in the sample are then used in conjunction with the Fourier 
heat flow equation to calculate the conductivity.
There are two subsets within the range of static methods, these are 
longitudinal and radial flow methods. With the longitudinal method a 
known heat flow is conducted along a rod of fixed diameter. The 
temperatures at two stations are then recorded, enabling the 
conductivity to be calculated. Allowance for radial heat loss, and the 
alteration in heat flow caused by the temperature sensors must be 
made. Radial methods employ a heating source which is enclosed 
by a cylinder or sphere: again the temperature drop across the 
sample material is used to calculate conductivity.
Dynamic conductivity measuring methods can also be split into two 
types, those using a single heat input, and those incorporating a 
cyclic input. With both methods It is normal to monitor the Imposed 
temperature and the temperature at another point in the structure. 
The thermal conductivity can then be calculated from these transient 
temperature fields.
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2.5 CERAMIC MATERIALS APPLICABLE TO ENGINES
The ideal characteristics for thermal insulation materials are easily 
classified. The material must be light as well as strong at elevated 
temperatures, possess good thermal shock resistance and have low 
thermal conductivity. A thermal expansion coefficient comparable to 
the surrounding structure is also important, especially if coatings are 
considered. Ceramics are able to satisfy some of these demands 
easily, others represent a problem for many ceramics. It is 
obviously important to minimise these problems by choosing the 
correct material for a given situation. There will probably not be a 
single ideal material for use in the internal combustion engine, but 
different materials for each area which needs insulation. There are 
many contenders for use in the internal combustion engine, the most 
popular are probably silcon nitride and partially stabilised zirconia.
2. 5. 1 ZIRCONIA
As mentioned before zirconia is a polymorph, able to exist in more 
than one crystaiine form. 22 Zirconia therefore cannot be used as 
an engineering material at temperatures where the change in 
crystaiine form occurs, as the accompanying volume change will 
result in component failure. Fully stabilised zirconia uses MgO. CaO 
or Y O to keep the cubic form stable over a wider temperature
2 3
range. Partially stabilized zirconia (PSZ) uses lower levels of these 
additives so that a mixture of the stabilized cubic phase, and the 
monoclinic phase is formed. The temperature range for stability is 
shown in figure 2. 13. 20
PSZ has a very high fracture toughness, this occurs as the cubic 
structure has tetragonal particles within it. Any crack propagating 
through the material will transform these tetragonal particles into the 
cubic form at the crack front. The associated change in volume 
causes micro cracking, restricting further crack growth.
Zirconia has a high density and it is therefore mainly in the field of 
coatings where it has been of use. As a coating it has been used
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in the gas turbine industry for some time. It has a low thermal 
conductivity, low emissivity. and a high enough coefficient of thermal 
expansion to avoid a large mismatch with the metal substrate. The 
following properties have been observed.
Property 300K 1200K
Young's Modulus 180* 170




Thermal expansion 10 10




* where high porosity is present this value will be lower.
These coatings are formed by plasma spraying the ceramic onto 
metai, using an intermediate bond layer such a nickel aluminide, or 
CoCrAlY (Cobalt-Chromium-Aluminium-Yttria) These provide an 
improved thermal expansion match and adherance.
The different types of stabilizer lead to different mechanical 
strengths. Yttria stabilised PSZ monoliths offer the greatest strength, 
once the surface is subject to abrasion. The surface layer is 
transformed to a cubic form by this action, creating a compressive 
layer. However there is doubt if Yttria stabilized PSZ is stable under 
the chemical attack arrising in the 1C engine.
Strength MPa K1C
Cubic 240 2 . 8
X
PSZ transformation 600-800 7. 1
toughened
1 0 0 % tetragonal 1 2 0 0 12
Y O stabilized2 3
* Transformation toughening occurs when particles of an additive 
are mixed with the main ceramic material. This additive is chosen 
such that during the cooling period after manufacture their relative
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expansion creates local stressing and cracking, an increase in
fracture toughness results.
2 . 5 . 2  SILICON NITRIDE
This is a well established material whose properties are fairly well 
understood. It is a strong high temperature ceramic with good 
thermal shock resistance, but it is a poor thermal insulator. It was 
originally developed for the gas turbine industry where its poor
insulation properties were unimportant. For silicon nitride S*3N4 to
be adopted for use in the adiabatic diesel engine additional insulation 
needs to be provided, this is generally gained through the use of an 
air gap. There are two main methods of preparing silicon nitride 
components, hot pressed and reaction bonded.
Reaction bonding: Silicon powder is formed into the required 
shape, and compacted. The component, said to be in the
green state is then fired in a nitrogen or nitrogen/helium 
atmosphere. A complex firing schedule is necessary lasting up 
to 12 days at temperatures from 1200 to 1400°C. The
nitrogen reacts with the silicon to from silicon nitride.
Hot pressing: Hot iso-static pressing (HIP) subjects silicon 
nitride powder to simultaneous high pressure and temperature.
Both the above forming methods are discussed in section 2.6.
Reaction bonding, although a time consuming precedure. has the 
advantage that the shrinkage during densification is less than 1%. 
Hot pressing can have a reduction in volume of up to 8:1.  Reaction 
bonded components therefore require little final machining. Hot 
pressed silicon nitride has better mechanical properties, as shown in 





Poisson's ratio 0 .2 4 /0 .27
Thermal conductivity 30/12





2 .6 .3  SILICON CARBIDE
Silicon carbide is another material which was first evaluated for use 
in the gas turbine industry. It has high strength and temperature 
stability, and like silicon nitride it has high conductivity and low 
thermal expansion. The main problem encountered is its hardness, 
it is difficult to finish machine, and for this reason is not thought of 
as the most likely material for use in the internal combution engine.
Strength 410MPa
Hardness 3300
— fiThermal expansion 3.8x10
Young's Modulus 400GPa
The strength of SiC with temperature is shown in figure 2.14.
It Is difficult to propose silicon carbide as an insulation material, 
given the availability of other materials, which have similar thermal 
conductivity without appreciably worse mechanical properties.
2. 6.4- SIALON
Sialon's (Silicon-Aluminium-Oxygen-Nitrogen) are a range of 
materials with different compositions, and hence properties, it has 
similar conductivity and density to HPSN. with this high thermal 
conductivity air gaps would be necessary in components. Also the 




Thermal expansion 3x10 
Conductivity 20W/mK
2 .6  FABRICATION
There are four stages in the formation of most ceramic monoliths, 
starting from a finely ground powder, with exactly controlled particle 





iv) Final machining and inspection
2 .6 .1  POWDER PROCESSING
The object of any forming method is to achieve maximum density of 
particle packing and uniformity of structure. The powders used must 
be sized so that maximum density can be achieved. A single particle 
size produces high porosity. Analysis gives the following theoretical 
densities for uniform particle size;
Dense random packing 64% filled
Loose random packing 60% filled
By using a range of particle sizes a maximum density of over 75%
can be achieved. Unfortunately raw materials are not usually
available with an optimum particle size distribution. There are many 
ways of processing powders to produce the desired range of particle
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sizes. These include Bail Milling, where the raw material is placed 
in a rotating cylinder containing a grinding media. Different 
processing times are used to produce a variety of size distributions. 
Fluid energy milling uses a mixture of ceramic and a high pressure 
fluid which is used to impact the particles against the wall of a 
grinding chamber.
To obtain the desired particle size distribution, powders may be 
sorted. The particles can be graded using a number of sorting 
screens, with decreasing aperture size. Air classification uses 
centrifugal forces set up by rotating air currents to grade the 
particles.
Additives where required are mixed with the ceramic at this stage, 
there are a variety of chemicals for different applications;
1 / Binders are added to give the formed compact enough 
strength to permit handling before firing.
2 / Lubricants are used to decrease friction during compaction 
and so help increase the final density.
3 / Sintering aids are included where activating agents are 
needed to promote densification (section 2 .6 .3 )
2 . 6 . 2  COMPACTION
There are many methods of forming the powdered ceramic into the 
desired component shape, called the green state.
Pressing: Two main methods are used; Uniaxial and Isostatic
pressing. Uniaxial pressing involves the use of a die where pressure 
is applied in a single direction through a plunger, this procedure is 
shown in figure 2. 15. 16 This method has a very high output rate, 
but can suffer from high variations in compact density, die wear can 
also be significant. Isostatic pressing involves the application of 
pressure from ail sides. The powder is enclosed in a non-ridged 
mould and fluid pressure applied, this arrangement is shown in figure 
2. 16. Components with good internal, but poor external tolerances 
are produced. A good density can be achieved, but production rates
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are slower than with uniaxial pressing.
Casting: Ceramic particles held in suspension in a liquid are cast in 
a mould. In slip casting a porous mould is used to remove the fluid 
by capillary action. The ceramic suspension (slip) is poured in the 
mould, and left as the ceramic is deposited on the walls, this 
procedure is outlined in figure 2.17. 16 The mould preparation and 
deposition time must be carefully controlled. This method can 
produce complex shapes, but is difficult to automate and only low 
levels of output can be achieved. Slip casting can produce high 
tolerance components.
The lost wax method can be an excellent casting method for many 
situations. A wax pattern is formed using a mould, and filled with 
ceramic slip. After ceramic deposition is completed the wax is either 
disolved or melted. This production method can be automated, and 
used to produce components with excellent tolerances. the 
procedure is outlined in figure 2. 18.
Plastic forming: A polymeric binder is added to the ceramic powder 
to create a mixture of the desired viscosity. A 10-30% liquid content 
is generally used, normally heat is provided to melt the binding 
agent. The resultant material is generally injection moulded or 
extruded whilst hot. In injection moulding a ram is used to force the 
material into a shaped cavity, the mould is then cooled, and the 
binder sets, the component can then be removed. The binder is 
burnt out later. Extrusion is an excellent method of forming green 
state ceramic, but shapes need to have a constant cross section.
These plastic forming methods can be used to create a variety of 
different ceramic shapes but unless the moulding equipment is 
correctly set up large pores can be formed in the ceramic.
2 . 6 . 3  DENSIFICATION
All ceramics have one common characteristic in the way they are 
made. A heating process Is used which is not sufficient to melt the 
raw material completely, but instead causes the uniting of adjacent
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particles. This process is called Sintering. The aim of densification 
is to remove all the gaps between the particles present in the green 
state, it therefore leads to component shrinkage.
Ceramic components are difficult to machine after densification; so 
machining should be carried out before this stage. However, when 
distortion occurs during the firing process then this may not be 
possible.
Solid state material transport is the main mechanism involved in 
sintering, through which ceramic particles grow together, and 
bonding between adjacent particles occurs. The driving force for 
sintering is provided by excess surface energy which a material 
possesses when it is divided into many parts. Heat is necessary to 
enable the surface energy of the system to be minimised, as the 
particles move together. The process of densification is initially 
rapid, but progressively slows, for low levels of porosity long firing 
times are generally necessary. Unless both dense and uniform 
packing were achieved in the construction of the compact shrinkage 
will be high, and significant porosity will result. To obtain maximum 
density the vacancies in the compact should be gas free, or allow 
any gas to defuse away.
Reaction bonding is a development of sintering which produces 
components without the high level of shrinkage associated with 
conventional sintering. Its main use is in the production of silicon 
nitride and silicon carbide components. In the former case a 
compact of pure silicon particles is formed, and fired in nitrogen. 
To form silicon carbide a mixture of SIC powder and carbon is fired 
in molten or vapour phase silicon. Both silicates undergo a 
dimensional change of less than 1% during densification.
Sometimes the processes of compaction and densification are 
combined as in the case of cold pressing and hot pressing.
Cold pressing: Where soft materials are used, cold pressing in 
which pressure and not heat is applied can be used to produce 
a dense specimen. In this case densification is primarily
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achieved through plastic flow.
Hot pressing: Pressure and heat are used during the
densification process. An increase in the density is achieved
in the latter stages of sintering using this method. This is
bought about by plastic flow, and bulk diffusion.
2 . 6 . 4  FINAL MACHINING AND INSPECTION
Where possible the compact should be made to size using the 
previous methods, however dimensional tolerances may be too tight, 
or an improved surface finish required. The problem in machining 
fired ceramic components is two fold;
I) The difficulty in holding a brittle component while it is 
machined.
ii) The high hardness of ceramics forces the use of expensive 
and slow machining methods.
There are many methods of machining ceramic components, these 
include;
Mounted Abrasive Machining: This includes machining methods such 
as the use of grinding wheels. For very hard ceramics such as 
S i.N  and SiC. diamond is the most efficient abrasive.3 4
Free Abrasive Machining: Loose abrasive is placed on a soft 
material and used to lap the ceramic material. However, the 
ceramic removal rates are very low. and Its main application is 
where mirror or bearing surfaces are required.
Impact Abrasion: Abrasive particles are impacted on the
workpiece using compressed air. and S i03 are
commonly used abrasives, this method is mainly used for 
cleaning the surface as close tolerances are difficult to 
achieve.
Machining ceramic components can dramatically reduce their
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strength. The process of machining involves the breaking and 
deformation of the material, this creates cracks in the surface of the 
ceramic. It is possible to reduce the effect of machining. Grinding 
will introduce cracks parallel to the direction of relative movement, 
the component should therefore be machined so that the introduced 
flaws run parallel to the action of the applied load. Post machining 
processes such as lapping and surface compression can also be 
used to reduce the effect of these cracks.
The scatter exhibited by the properties of ceramics make the non 
destructive testing of ceramic components far more vital than it is 
with metal ones. The view is held in certain quarters that by using 
NDT to detect large flaws in ceramics the scatter can be reduced. 
Examining figure 2. 9 showing the strength of RBSN against flaw size 
it would seem that testing for flaws of over 50;im would guarantee a 
strength of over 200MPa. This is misleading because several small 
flaws close together have the same weakening effect as a large flaw.
Another NDT method is to overstress a component, since a large 
load applied over a small time increment can represent the entire 
working life of a component at a lower stress level. By briefly 
overstressing a component in this way it will fail if a large flaw is 
present. However, this method will increase the crack size of any 
non critical length cracks, and so shorten the life of components that 
do pass this test.
2 . 6 . 5  PLASMA SPRAYING
This is the process through which molten material is sprayed onto a 
substrate. The spray/substrate material combination must be one in 
which adherance will be achieved. Zirconia and steel or aluminium 
are the combinations attracting interest for the insulation of the 
internal combustion engine. These thermal barrier coatings generally 
consist of a corrosion resistant metal coating with a plasma sprayed 
zirconia layer. The zirconia can either be a single thick layer, or 
can Include a graded ceramic/bondcoat layer. Zirconia coatings 
formed by plasma spraying are full of pores, and generally cracks.
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This porosity typically reduces the conductivity form 2 to lW/mK.  
Young's Modulus is about one tenth of the monoliths value.
The process of plasma spraying makes use of a plasma torch which 
is fed with hydrogen and argon which are electrically heated to form 
a plasma. The zirconia is then fed into this plasma in the form of 
a fine powder (typically 20fim diameter) where it is melted. The 
substrate is cooled by air jets on the front or rear face to prevent 
over heating.
Achieving an optimum coating is a complex procedure, involving the 
setting many variables; as the process of plasma spraying is not fully 
understood these variables are generally set to levels that have been 
successfull in the past. There is little information available to 
optimise the coating for a given application. The variables which can 
be adjusted include; electrical power, plasma gas flow rate, cooling 
gas velocity, spraying distance, gun traverse rate, gas temperature 
and ceramic feed rate. By varying these it is possible to form a 
coating with graded porosity, and hence conductivity. By mixing the 
ceramic with a metal all the properties can be varied.
2 .7  DESIGNING WITH CERAMICS
The design of components in brittle materials involves a different 
design philosophy from that in ductile materials. Simply to replace 
a metalic component with a ceramic equivalent without any design 
changes will give a high probability of failure. There are three rules 
which should be followed wherever possible in the designing of 
ceramic components.
i) Stresses should be kept compressive as this slows the rate 
of propagation of cracks.
II) Direct contact between ceramic components should be 
avoided. Deformable soft metal elements should be used 
between the brittle ceramic components.
iii) The factors of safety must be larger than those employed in
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metal components.
The main difference in design arises from the lack of experience 
engineers have in dealing with ceramics. Engineers generally only 
use high performance ceramics where metals cannot be used. The 
mechanical and thermal environment these ceramics are subject to is 
therefore invariably very hostile. Little background experience has 
been gained with high performance ceramics in situations where the 
loading is not so severe. In most design situations it is possible to 
refer to previous problems which have been successfully resolved, so 
new designs represent an excercise in extrapolating design trends. 
This approach is not yet possible with ceramic materials, because of 
the limited background available.
It is also difficult for an engineer to reach a definite conclusion as 
to whether a component will survive under given conditions using the 
traditional range of mathematical tools. The best that can be done is 
to give an indication as to the probability of survival.
There are two design approaches possible:
I) To accept that numerical results can only give an indication 
of the stresses that are likely to arise and to produce a series 
of designs. Each of these must be tested and an empirical 
store of knowledge built up. This approach can only be used 
when a large amount of machine shop time, and material is 
available.
ii) Develop methods of mathematical analysis which are 
appropriate to the study of ceramic materials, such as 
probabilistic analysis
It is likely that before ceramics find widespread commercial use in 
mechanically hostile environments both areas will need to be 
investigated
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2 .7 .1  PROBABILISTIC DESIGN
By selecting a probability of component failure which is acceptable, 
the Weibull statistical method can be used to find the maximum stress 
which can be allowed.
The most useful design tool of recent years is the finite element 
method: its use in many engineering situations is now commonplace. 
Similarly Weibull analysis is one of the most useful concepts in the 
understanding of the behaviour of ceramics. Engineers have sought 
to combine both of these methods.
The finite element method is used to split the component being 
studied into a number of elements, and then calculate the stress 
present within each of these elements. Weibull statistics are then 
used to calculate the probability of failure wtihin each of these 
elements. This information can then be used to produce a plot 
showing the probability of failure throughout the component rather 
than the stress levels. Alternatively all the elements can be summed 
and the total probability for component failure produced..
There are two forms of this analysis
I) Assuming the component will fail due to the presence of flaws in 
the body of the material, a volume Integral is used to find the 
probability of failure.
II) If flaws in the surface are assumed to be far more likely to lead 
to failure than those in the rest of the component then surface 
integrals are used.
This design tool can be used to evaluate the likely performance of 
ceramic monliths. It should reduce the protracted hardware 
development time, which at the moment is necessary with ceramic 
components. However, like ail numerical methods its accuracy is 
dependent on the availability of accurate and valid material property 
data.
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FIGURE 2.11 FLEXURAL STRENGTH TEST
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FIGURE 2.14 - TRENGTH OF SIC I-.MD Si»H* WITH TEMPERATURE
POWDER
RECYCLE






























FIGURE 2.16 ISOSTATIC PRESSING.
(a) FILL MOLD WITH SLIP (b) MOLD EXTRACTS LIQUID, FORMS 
COMPACT ALONG MOLD WALLS
(c) EXCESS SLIP DRAINED (d) CASTING REMOVED AFTER 
PARTIAL DRYING
FIGURE 2.17 SLIP CASTING.
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3.1THE0RETICAL AND EXPERIMENTAL STUDIES TO ASSESS THE 
PERFORMANCE OF INSULATED DIESEL ENGINES
To achieve optimum operating efficiency in an adiabatic engine a 
complex compromise between insulation levels. surface 
temperatures, exhaust enthalpy, boost pressure, turbine and 
compressor geometries. level of cooling. and turbine and 
compressor gearing must be reached. This problem is further 
exacerbated as these variables must be optimised over a speed 
range. During the preliminary development of any design these 
factors can best be assessed through the use of a computer model. 
Computer simulations of the internal combustion engine have existed 
for some time, mainly following the same concepts as for 
conventional engines and using similar simplifications. The engine 
model is split into a number of sub models covering each of the 
systems elements, such as compressor, turbine and reciprocating 
engine, all of these need not be discussed here. However, the heat 
transfer model Is of particular interest in the case of an insulated 
engine and is worth mentioning briefly.
3 .1 .1  HEAT TRANSFER MODEL
Heat loss In a diesel engine is the sum of four components, 
convective, radiative, conductive loss and unused exhaust enthalpy. 
The convective loss component is lowered through the introduction of 
insulation, whilst the radiative contribution may increase due to the 
higher gas temperature. Accurately representing this complex heat 
transfer phenomenon is one of the more difficult elements in diesel 
engine performance modelling. This involves an assessment of the 
temperature and heat transfer coefficients of both the working and 
cooling media, using either instantaneous values over the cycle or a 
constant approximation. A method of predicting the soot production 
and hence radiation is ideally required. Siegla and Amann24 
compared the heat rejection of a baseline and low heat rejection 
engine at 1000 rpm, the increased radiative component is clearly 
shown in figure 3.1.  In addition the engines insulation properties
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must be represented, this is generally achieved by calculating an 
equivalent thermal resistance for each component. Unfortunately the 
engine components are complex three dimensional shapes and are 
not easily described by one or two dimensional thermal resistances.
The problem of representing the heat transfer in an engine can thus 
be divided into three sections;
i) HEAT CONVECTION FROM GAS TO WALL: There are three main 
ways of representing the gas heat transfer coefficient and 
temperature;
a) Using spatially and temporally constant values. This is 
incorporated into very simple computer models and is not of 
sufficient accuracy to be of use when accurate heat losses and 
efficiency estimates are required.
b) A spatially variable time average value, this type of 
correlation is used in finite element programs when calculating 
the equivalent heat transfer coefficient.
c) A spatially constant but instantaneously variable 
representation such as the Woschnl25 correlation, this is the 
most frequently used representation in diesel engine
simulations.
The Woschni heat transfer coefficient was used by Watson et al26to 
establish a spatially constant instantaneous heat transfer coefficient. 
An iterative loop is used to calculate the heat transfer through the 
combustion walls. A constant wall temperature is assumed at the 
start of the cycle. This value together with the predicted gas 
condition is used to estimate the associated heat flow. A more 
accurate estimate of the surface temperature can then be formulated 
and the calculations repeated. Cycle to cycle temperature transients 
are therefore ignored. At low levels of insulation this approximation 
is valid. However, when low conductivity materials are used these 
fluctuations of wall temperature become more critical.
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In addition to the convective transfer the radiative component should 
be predicted. Accuracy is dependent on the assumed level of soot in 
the combustion products. General Motors Research Laboratories have 
used the Arrhenius expression27 derived by Khan et al to assess 
soot formation. These equations are experimentally based and are 
held to be the best representation available although 'considerable 
uncertainty surrounds the validity of the soot model'. The radiative 
heat transfer thus calculated Is shown in figure 3.1.
ii) HEAT TRANSFER THROUGH WALL: For the purpose of analysis it 
Is generally assumed that heat flow can be represented by a number 
of one or two dimensional heat paths, and thus the thermal circuit 
can be represented by a simple electrical analogy. Each of the 
engine components is represented by an equivalent resistance. The 
temperature difference and heat flow are analogous to the voltage and 
current respectively. This thermal resistance is often calculated by 
the finite element method. The component under consideration is 
modelled with typical thermal boundary conditions; the analysis 
yields heat flow and subsequently the equivalent thermal resistance is 
found. However, the resistances calculated become increasingly 
Inaccurate as the operating conditions are altered. This arises as 
the assumption of one dlmentlonal heat flow introduces Inaccuracies 
which increase away from the calculated operating condition.
iii) HEAT TRANSFER FROM WALL TO COOLANT: Empirically 
calculated heat transfer coefficients are used. Where water cooling 
is incorporated the heat transfer coefficient and temperature are 
constant throughout the cycle and theoretical representation is not as 
complex as that required from the combustion side.
3 .1 .2  COMPUTER PREDICTED PERFORMANCE
The initial theoretical study of Kamo and Bryziks2 into the
performance gains available through the use of thermal insulation 
revealed the potential for significant efficiency gains. The predicted 
efficiency of an uncooled turbocompound engine was given as 48%. 
whilst an unlubricated engine was expected to return 56%. Although 
these figures seemed optimistic, the initial aim of a 48% efficiency
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has been achieved. Further theoretical studies have since been
undertaken by other researchers. These, as expected, show that the 
increased wall temperatures resulting from an increase in Insulation 
cause a lowering of the volumetric efficiency. This trend can be 
compensated for by using the increased exhaust enthalpy to raise the 
boost pressure. However, charge heating not only reduces the 
volumetric efficiency but also increase both compression and 
expansion work. Figure 3 .5 ,  from Ford28 shwos the breakdown of 
the indicated work, into compression and expansion work.
Watson et a l26 have assessed the relative improvements predicted by 
various compound systems. The efficiency gains over the standard 
engine are shown in figure 3 .3 ,  all five engine configurations used 
a 40% insulation level. The turbo-compound system has a low 
efficiency at part loads due to turbine mismatch at these low speeds. 
Efficiency improvements at these low loadings are observed when a 
variable geometry turbine or variable gearing are used. Further 
theoretical work indicated that the increase In efficiency is 
approximately linear with the level of insulation, in a practical engine 
a 40% reduction, in heat loss to coolant would produce a 2.3% gain 
in efficiency at full power and 1.7% at 40% load. The extreme case 
of a truly adiabatic engine would have a 20% improvement in 
efficiency over a convential engine. However it should be recognised 
that the reduction in heat loss and thickness of insulation are not 
proportional; each unit increase in the insulation thickness produces 
a lower net effect.
The effect of increasing the thickness of an insulating PSZ coating 
has been examined by Vallad H. and Wyspianski G.K. 29 using a 
cycle simulation program. Figure 3 .4  shows the energy balance. 
The value of thermal conductivity assumed was 2W/MK; although this 
value is that generally accepted for monolithic Zirconia. the high 
porosity in plasma sprayed zirconia reduces the conductivity to 
approximatley 1W/MK. Consequently the scale on the abscissa is in 
error approximately by a factor of two. The energy balance shows 
that only mimimal changes in heat to coolant occur for thicknesses 
over 5mm. this corresponds to approximately 2.5mm if the correct 
value of 1W/MK were used. This finding is broadly in agreement with
British Leyland who see little benefit in increasing coating thicknesses 
above 2mm. 20
3 .2  EXPERIMENTAL ASSESSMENT OF THE FEASIBILITY OF 
USING CERAMICS IN INTERNAL COMBUSTION ENGINES
Attention was attracted to the adiabatic engine by a number of 
adventurous engine tests with ceramic components. A less 
spectacular approach has now generally been adopted. As a result 
the majority of experimental work conforms to one of two patterns. 
One aproach. demonstrated by Timoney4 and Godfrey30 was to 
start by testing ceramic components in low rated but fired diesel 
engines. Other researchers such as Kamo2 of Cummins and 
Fletcher-Jones et a l31of Wellworthy have produced test procedures 
for the progressive development of ceramic materials and designs to 
a position where they are ready to be incorporated into a working 
engine.
3. 2. 1 PROGRESSIVE DEVELOPMENT OF CERAMIC COMPONENTS
This low risk approach, splits the problems associated with the 
Introduction of ceramics into a number of solvable steps. Following 
the initial theoretical study by Kamo, 3 2Cummlns and TADCOM were 
sufficiently interested to initiate a practical investigation. The 
procedure used is shown in figure 3. 5, and incorporates a four stage 
testing sequence.
1/ The non-distructive testing of ceramic components for flaws 
and out of tolerance dimensions.
ii/ Bench tests in a low thermally loaded environment. This 
acts as a screening device and reduces the level of damage 
which is associated with failures in an operating diesel engine.
The test rig used is based around a conventional reciprocating 
engine with the cylinder head replaced by a component 
containing a stationary ceramic test piece, as shown in figure 
3. 6 . The engine is then cycled without firing taking place, the 
adiabatic compression and expansion providing the required
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pressure peaks. The design also incorporates a screen below 
the test piece, which traps any ceramic fragments formed and 
prevents secondary damage to the engine structure. However 
this rig only simulates mechanical loads and speeds, not the 
thermal loadings present in a firing diesel engine.
iii/ The test pieces are now installed in a single cylinder firing 
engine for 250 hours of proof testing under typical operating 
conditions.
iv/ The surviving test pieces are used in a six cylinder engine, 
where the thermodynamic and mechanical performance of the 
engine are monitored.
Kamo and Bryzik used the above test procedure for evaluating a 
number of ceramic piston crown designs. The performance of these 
is reported in their 1981 paper,32 each of these designs 
Incorporating a different ceramic material.
Hot pressed silicon nitride HPSN
Reaction bonded silicon nitride RBSN
Sintered silicon nitride SSN
Lithium alumium silicate LAS
Stainless steel
Only the HPSN cap survived the 250 hour proof testing. Due to the 
relatively high thermal conductivity of these materials, with the 
exception of the LAS. a pack of roughened metallic discs was used 
to provide an air gap. The designs used incorporated a central 
waspalioy bolt, which unfortunately acts as a stress raiser and a low 
thermal resistance heat path. When the pistons were used in the 
fired engine no other part of the combustion chamber volume was 
insulated, so the in cylinder conditions were fairly close to those 
encountered in an unmodified engine. With the more severe 
conditions encountered In a fully insulated engine the probability of 
this design surviving would be reduced.
The concept of proof testing ceramic components in less arduous
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environments than are found in a firing engine has been advanced 
elsewhere. Weliworthy3 1 have produced a test rig which fulfills the 
same function as Kamo's bench test described above. The apparatus 
used is shown in figure 3. 7. One side of the test piston is subject 
to an oscillatory hydraulic pressure whilst the other has no applied 
load. Heaters are provided to increase the operating temperature. 
Although this design to a very limited extent can mimic the steady 
state thermal loading in a diesel engine the potentially more 
damaging transient thermal loads cannot be reproduced.
Komatsu ltd3 of Japan also used a single cylinder engine to screen 
ceramic components before testing in a six cylinder engine.
3,2.2 TESTING OF CERAMIC COMPONENTS IN FIRED ENGINES
3.2.2a MONOLITHIC COMPONENTS
If a ceramic material with the right conductivity, strength and fracture 
tooughness could be found, then metal components could simply be 
substituted for ceramic ones. Perhaps the first successful engine 
component substitution was initiated by Godfrey of the Admiralty 
materials laboratory30 . A 900W. 4 stroke air cooled engine was 
used as a test bed. in which the pistons, piston rings and gudgen 
pin were replaced with RBSN equivalents. Although with the first 
build the gudgeon pin failed, a later re-fit has survived many hours 
of operation. Subsequently Stone of the Royal Naval Engineering 
College33 designed and ran a 108mm diameter RBSN piston which 
survived 94 hours in a 9kW. four stroke engine with a rating of 
690kPa BMEP. These were very successful tests in that they 
Indicated that ceramics can be used in fired diesel engines. 
However, there are two points which must be recognised.
i) 690kPa is a very low rating, a more typical pressure of 
approximately 1600kPa must be survivabie by ceramic engine 
components.
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il) The maximum stresses predicted for the second design was 
approximately lOOMPa. whilst the maximum survivable tensile 
load for large volumes of RBSN was taken to be 145 MPa. In 
a commercial engine a much higher factor of safety would be 
necessary.
If RBSN is used in an engine with the aim of reducing the heat loss 
to coolant then additional insulation must be provided. This can be 
achieved with a RBSN crown by incorporating an air gap. However, 
with a solid piston It Is difficult to include the additional insulation 
required.
Timoney S.G. of Dublin University4 was one of the first researchers 
to recognise the possibilities of using ceramics as an insulating 
material. Timoney also felt that ceramics could be used to solve 
some of the problems he had found with an earlier 'conventional' 
opposed piston engine. A ceramic engine was constructed using 
silica glass ceramic shown in figure 3. 8 . The cylinder liner makes 
use of a metal compression ring to reduce the tensile stresses. 
Initially motoring tests were run at a compression ratio of 20:1, these 
were completed without encountering any problems. The engine was 
then fired, and after three minutes the inlet piston fractured causing 
engine failure. Although the concept of using ceramics in opposed 
piston engines is very promising the choice of materials in this case 
was unfortunate. The flexural strength of silica glass is generally 
taken as about lOOMPa, it is therefore unwise to assume a tensile 
strength greater than 50MPa. Once a realistic factor of safety is 
applied the maximum usable strength of this material is approximately 
20MPa. It is difficult to see how a working piston can be designed 
with this stress limitation.
Subsequently the engine was rebuilt with a cast iron liner, HPSN 
pistons were installed but failed whilst motoring.34 Successfull fired 
running was later achieved using silicon carbide pistons, after 
completion of 50 hours running an examination of the piston revealed 
no damage.
Despite Timoney's failure with HPSN other researchers have produced
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working engines with silicon nitride components. In Japan interest in 
ceramics seems to have been Inspired originally by the need to inhibit 
corrosion, and only later by its insulation properties. Hamano of the 
Kyoto Ceramic Company ltd3 5 In Japan has used a variety of silicon 
nitride components In a 0. 51 litre, eight hp engine of 85mm bore. 
The top of the cylinder liner (above top ring position), cylinder head 
and piston crown were ail constructed from silicon nitride. After 
several design changes an engine construction was achieved which 
ran successfully for 300 hours at full loading. Also in Japan. 
Komatsu ltd3 have developed a six cylinder turbocharged SI3N4insul- 
ated engine. In this design greater use was made of air gaps to 
provide insulation and the exhaust port was constructed from 
ceramic. No failures were reported in a 250 hour test schedule 
which included a maximum BMEP of 1470kPa. One difficulty with 
these designs is the low level of insulation afforded by silicon nitride. 
Consequently although the two Japanese designs should be successful 
in reducing corrosion the effect on performance will be small.
A study of the literature reveals that there have been many other 
successful trials of silicon nitride and silicon carbide engine 
components.36*37 The critlsism levelled a few years ago that these 
ceramic components had only been tried In low rated engines is no 
longer valid. The main difficulty which now prevents the widespread 
use of the materials is their high thermal conductivity. Air gaps must 
be included. With monoliths this type of construction is difficult to 
achieve. In addition the introduction of air gaps inevitably leads to 
regions of unsupported ceramic and hence stress raisers.
Where a separate ceramic crown or insert is used the Introduction of 
an air gap Is easier. However, the problems associated with the 
attachment of crown to piston are not easily solved. Of the two 
methods most often employed, the first involves the use of bolts 
through the ceramic and into the piston body. This type of design 
should be avoided as the bolt holes are stress raisers and the metal 
shafts act as heat sinks. Similarly the second solution often adopted 
of a shrink fit ring around a ceramic body such that the metal is 
vlsable from the combustion space is undesirable. With this design, 
as in figure 3.9.  the metal ring becomes almost as hot as the
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ceramic. To prevent the difference in thermal expansion causing 
separation a large shrink fit is needed. The type of design shown 
in figure 3. 10 has none of these problems, although it is best suited 
to IDI engines. This layout results In a low metal temperature, and 
high ceramic temperature, the initial shrink fit required Is therefore 
small. There is also no ring to provide a heat path away from the 
combustion space. Although this type of design has been suggested 
by different groups such a SICERI, there is little practical experence 
of its use available.
To avoid the problem of the high thermal conductivity of silicon nitride 
some researchers have used monolithic PSZ components. Karl 
Schmidt GmbH38 have examined the use of zirconia piston crowns, 
held by a shrink fit steel ring which is screwed into an aluminium 
piston body. This type of design leads to two problems;
i) The outer steel ring provides a heat sink reducing the 
effectiveness of the insulation.
ii) The technique of attaching aluminium to steel using a screw 
thread would lead to very high stress concentrations.
Woods and Oda of Cummins39 used a PSZ insert in an iron piston, 
avoiding the problem of an aluminium-iron interface. They also used 
a Y20 3stabillsed zirconia cylinder liner insert and cylinder head 
plate. However, both these designs suffer from the high density of 
PSZ at 5.8 .  which makes monoliths very heavy.
The use of PSZ monoliths can solve some of the problems associated 
with SIC and Si3N4 However, its high density and cost may preclude 
its use for large engine components.
3 .2 .2b  CERAMIC COATINGS
The attraction of ceramic coatings lie in their conceptual simplicity. 
Potentially all the components requiring insulation in the diesel engine 
can be coated, with little design change. With a low percentage of 
ceramic present in the engine, crack propogatlon represents less of
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a problem. However, coatings create their own unique difficulties.
There are many materials which could be used as an insulative 
coating. Murray40 of Oklahoma State University examined various 
coatings which can be used as insulation materials in both 
compression and spark ignition engines. The figures given for three 




Zirconium Oxide 1 . 16 3 .0
Aluminium Oxide 4. 18 2.28
Chromium Oxide 4. 18 2. 78
Yittria stabilised zirconia was chosen as the best prospect for a 
coating material, despite the rather unique measured value of thermal 
expansion (3.0x10 6) .  Tests were conducted in a four cylinder 
engine, with PSZ coated cast iron cylinder head and aluminium 
piston. Coatings of 0.51 to 0.76mm thickness survived over 100 
hours without apparent degradation. Coatings of this thickness are 
unlikely to affect heat flow significantly, especially as the liner was 
not insulated.
British Leyland20 have also used PSZ coatings on valves, cylinder 
head and pistons. The cast iron cylinder head was used with a 1mm 
coating reducing the bulk metal temperature by 50K. a feathered 
coating was used around the valve seat.
Perhaps the greatest success with PSZ coatings has been achieved in 
the TADCOM/Cumins abiabatic engine program41. The first trials 
were conducted using a 140mm diameter piston with 0 .5  and 1.5mm 
thick coatings. The 0. 5mm coating survived 30 hours without failure, 
whilst the 1.5mm coating lasted 17 hours at which time a 50mm 
diameter portion flaked off. This region of failure coincided with the 
position of maximum stress predicted by a finite element analysis. As 
part of the same program zirconia coated pistons were tested at 
Yanmar diesel3 1.5 and 2.5mm coatings were used, these pistons
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had enbedded thermocouples for performance monitoring. The 
1.5mm coating failed after 30 hours.
More recently a 240 HP adiabatic engine has been developed at 
Cummins using plasma sprayed zirconia coated pistons, cylinder 
liners and head, all being Iron components. The reported thermal 
efficiency of this engine Is 48%. Work at the moment is based on 
a 500-750 HP engine incorporating mainly zirconia insulation. Both 
coatings and monolithic inserts are to be tried. Work is also 
continuing into a minimum friction engine using ringless pistons, dry 
ceramic bearings and solid lubricants. With the complete elimination 
of the oil system the projected thermal efficiency is 54%.
3 .2 .2 c  VALVES AND VALVE SEATS
In a four valve cylinder the valve surface areas represents over 50% 
of the exposed surface of the cylinder head. In an insulated engine 
it is therefore very important to provide Insulation for the valves. 
Asnanl and Knonen43, have examined monolithic SIALON and PSZ 
valves using theoretical and experimental methods. The initial 
theoretical comparison of the production metal valves with the PSZ 
replacements yielded the following values;
Valve configuration Maximum tensile stress (MPa)
Principal Hoop
Production valve, metal seat 135 167
PSZ valve, metal seat 148 485
PSZ valve. PSZ seat 147 191
The decrease in hoop stresses observed through the use of a PSZ 
seat Is caused by the modification of the temperature distribution. 
The PSZ valve seats were chilled before insertion, this created an 
interference fit and reduced the maximum tensile stresses. However 
one of the most Important rules to observe in the design of ceramic 
components is that ceramic surfaces should not contact one another, 
and intermediate soft material should be used. A PSZ valve on PSZ
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seat breaks this rule. The PSZ valves tested typically lasted 2-4  
hours, the reason given for these failures was thermal shock. An 
increase in life was observed when a PSZ coating was used on top 
of the PSZ monolith. In this case a life of up to 24 hours was 
reported. This coating has high porosity and hence reduces the 
temperature swing in the body of the valve.
One difficulty with low thermal conductivity monolithic valves is that 
non axisymmetric temperature distributions can be produced. During 
transients such as those present at start up one side of the valve 
stem will have a different temperature from the other. This effect will 
be more marked in low than high thermal conductivity materials where 
there will be a quicker redistribution of temperature. A non
symmetrical temperature distribution will cause misalignment of the 
valve. Where a ceramic seat is used then the offset loading that is 
produced cannot be redistributed, and fracture can result. The high 
porosity PSZ coating may have improved the valve life through an 
ability to be crushed at the ceramic-ceramic interface and so prevent 
high loading of the valve.
The SIALON valves were more successful, of the six valves tested only 
one failed; at the lock groove; up to 1000 hours of testing were 
completed.
As an alternative to the monolithic valves British Leyland20 amongst 
others have used ceramic coatings on metal valves. In one test a 
PSZ coating of less than 1mm was used, these valves survived a 150 
hour test without apparent degradation.
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3 .3  MONITORING OF THE PERFORMANCE OF TEST ENGINES
Engine tests with ceramic components must examine not only the life 
of the new component, but also the change in performance of the 
engine package. The work carried out by different research centres 
to assess the performance change derived from the use of thermal 
insulation can be divided into two areas.
i) Partially insulated engines: Frequently test engines run with 
only the piston insulated. In this and similar situations where 
only one component is insulated there is a tendency to increase 
the heat flow through the uninsulated portions of the engine.
The observed performance can therefore be misleading.
ii) Extensively insulated engines: One of the difficulties with the 
introduction of high levels of insulation is that the engine is not 
optimised for these conditions. The Injection timing, valve 
timing, valve size, etc are all set for optimum uninsulated 
performance. Inferring performance gains through this type of 
test can therefore also be difficult.
3 .3 .1  PARTIALLY INSULATED TEST ENGINES
Yanmar diesel3 have monitored the performance of a single cylinder 
naturally aspirated test engine rated at 650kPa. The piston used was 
95mm diameter by 106mm stroke, with a 1.5mm zirconia coating. 
The engine was run under air fuel ratios between 100 and 20. An 
exhaust gas temperature increase of 30°C was recorded across the 
entire air fuel range. Both the volumetric efficiency and fuel
consumption were worse in the insulated case, particularly at high air 
fuel ratios.
Similar observations were made during the work carried out at Bath 
University. Wallace et a l5 have used an air gap all metal piston in 
a Petter PH1W engine with a 86mm diameter bore. The introduction 
of the Insulated piston again saw a reduction in volumetric and 
thermal efficiencies. The heat loss to coolant was up by 
approximately 25%. this it was felt was due to an increase in the gas
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temperature, which gave rise to an increase in the heat rejection 
through the combustion surfaces.
Cole and Arkidas48 of General Motors Research Laboratories felt 
heat rejection increased primarily because of a gain in exhaust port 
heat transfer. To check this theory they developed an engine which 
has four independent cooling zones, three in the cylinder head and 
one In the liner. An insulated all metal air gap piston of diameter 
103mm was used. This was constructed using a metal crown attached 
by four bolts, disc springs allowing movement between crown and 
piston body. The engine was run in both insulated and uninsulated 
configurations to establish the change in heat transfer to each of the 
cooling regions. They confirmed that the heat rejection through the 
exhaust port area increased, while the heat rejection through the 
liner decreased by between 12% and 15%. A decrease in volumetric 
efficiency of 2% was measured, this was less than was expected, 
probably because of the lack of induced swirl in the cylinder, 
reducing the heat flow to the gas. However. It may not be sensible 
to read these results across to similar work as the overall heat 
rejection to coolant was reduced by between 3% and 7%. This is the 
reverse of the trend generally observed and this is difficult to 
reconcile, especially as a low boost pressure was used. Emissions 
of CO and HC decreased while NOx increased. This was expected, 
and is often predicted as higher gas temperatures are encountered.
3 .3 .2  EXTENSIVELY INSULATED TEST ENGINES
A detailed experimental study was undertaken by Wade et al of Ford 
Motor Company28 using an experimental, uncooled insulated single 
cylinder engine. Zirconia coatings were used in the cylinder head 
and valves, whilst the cylinder liner was insulated using a zirconia 
monolith ring. An articulated piston with ring steel crown and 
aluminium skirt was used, of the type shown in figure 3.11. using a 
crown formed with a fork In its lower surface.49 this connects 
through the gudgeon pin to the piston body. The heat flow between 
these two components is small, and in addition the lower conductivity 
of the cast iron contributes towards the performance gains with this
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piston design. In addition the weight of this piston is reported as 
equal or less than an aluminium equivalent.
To compensate for the reduction in volumetric efficiency encountered 
with insulated engines Ford used a low boost pressure. This was 
adjusted to maintain the same volumetric efficiency as that in the 
unmodified engine, and the exhaust back pressure was adjusted in 
unison. An improvement in specific fuel consumption of 4% at 
1700rpm to 7% at lOOOrpm was noted. A drop was recorded in 
NOx production, and at light loads HC emissions were reduced. 
Under heavier loadings HC emissions increased, this was probably 
due to the inappropriate fuel spray and air swirl patterns which were 
optimised for uninsulated operation. Reductions in both HC and 
NOx emissions were expected by Ford as the premixed combustion 
fraction was reduced by approximately 50%. It has been shown that 
HC and NOx emissions are governed by the fuel present in the 
premixed combustion mode. Ford felt that this effect would be 
dominant over the increase in NOx production associated with higher 
combustion temperatures.
It was further noted that the ignition delay was reduced by 
approximately 50% compared with the standard engine. This results 
from the charge heating. Consequently the maximum rate of 
pressure rise was lower in the uncooled engine. As this influences 
the overall noise levels it Is to be expected that the adiabatic engine 
should be quieter than its conventional equivalent.
Komatsu ltd3 have also monitored the performance of their six 
cylinder turbocharged engine, with PSZ coated liner, cylinder head, 
valves and piston. An exhaust port liner was also used. The 
resulting engine had an efficiency of 48%. representing a 6 % 
improvement over the base line engine. This was achieved through 
a 35% reduction In heat rejection. With this level of Insulation the 
liner temperature in the top ring position was 350°C. and a 
synthetic oil could therefore be used without difficulty. A higher 
insulation rate of 50% could yield a temperature beyond the lubricants 
capacity.
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3 .4  ENGINE PERFORMANCE WITH LOW QUALITY FUELS
One possible justification for reaseach into the adiabatic engine It its
ability to use low quality fuels. The effect on emission levels and on
performance of these low cetane fuels has been examined by various
3
researchers. Komatsu ltd have tested a six cylinder turbocharged 
engine without water cooling. This was run with three fuels, diesel 
fuels of 52 and 30 cetane ratings, and a liquified coal fuel. The coal 
based fuel was used in the insulated engine without the occurrence 
of knocking, except at idle, when the combustion chamber surface 
temperature dropped to levels where the gas temperature after 
compression was to low too maintain satisfactory performance. The 
Ignition delay and rate of pressure rise are both worse with the coal 
based fuel in the standard engine. The low cetane fuel was used in 
the insulated engine over the entire operating range without misfiring.
The adiabatic engine provides higher compression temperatures with 
reduced ignition delay. This is necessary when low cetane fuels are 
to be used. The following characteristics of insulated engines were 
observed by Yoshimstu el al3 .
a) The rate of heat release during the main combustion period 
is lower. This arises as the quantity of air and fuel mixed 
before ignition starts is lower, being a consequence of the 
reduced Ignition delay.
b) During the later stages of combustion the heat release is 
increased and is accompained by an extension of the 
combustion period. This is caused because the fuel injected 
after the initial combustion passes through the existing flame 
region, losing mixing momentum.
These factors necessitate the alteration of the combustion chamber 
and inlet port to accelerate the mixing.
Murray R. G. of Oklahoma State University40 has examined how 
different combustion chamber surfaces affect combustion through
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catalytic action. It was proposed that by introducing catalytic 
substances into zirconia insulation the combustion characteristics 
could be changed. Unexpectedly the use of these catalysts did not 
appear to initiate pre-flame reactions and hence reduce ignition 
delay. However it was suggested that the reduction in power output 
exhibited by unboosted adiabatic engines was not oniy due to the drop 
in the volumetric efficiency but also derived from;
i) A change in the pre-combustion (catalytic) reactions at the 
surface which could delay and inhibit combustion.
ii) The absorption of impinging fuel by the porous ceramic 
coating.
It remains unclear to what extent these factors may affect the 
combustion in insulated engines. Most researchers who study 
combustion in the adiabatic engine note a decrease in ignition delay. 
Delays caused by calytic actions are therefore not a dominant effect. 
In addition if the second point mentioned above was significant we 
would expect an increase in the HC emissions fron the engine, and 
this Is not found to occur.
3 .5  LUBRICATION OF THE ADIABATiC ENGINE
The lubricants normally used in the internal combustion engine have 
temperature limits which makes their use in the adiabatic engine 
impossible. There are three routes through which this problem may 
be overcome.
i) By insulating just the top portion of the cylinder liner oniy 
a small performance loss is to be expected, as the effect on 
heat rejection rates of insulating the liner below the top ring 
position is minimal. When the uninsulated region of the liner 
is uncovered by the piston motion then the gas temperature has 
dropped sufficiently for heat loss to be small. This procedure 
will also limit the ring pack temperature and conventional 
lubricants may still be used.
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ii) By developing new lubricants which are stable at the high 
operating temperatures required. The synthetic lubricants so 
far produced44 have exhibited very high oil consumption and 
the temperature limits could still prove too low. Alternatively
solid lubricants can be incorporated, these have high 
temperature limits but have the difficulty of not being self 
renewing.
lii) By the use of a lubricant free engine: If this can be
achieved without seizure then the efficiency of the engine will be 
improved through the elimination of fluid friction present with 
lubricants.
Yoshimitsu et al of Komatsu ltd50 used an Insulated six cylinder
engine to examine the possibility of using low cetane fuel in the
adiabatic engine. Various oils were tried in this engine which had an
insulated liner, leading to a temperature at the top ring position of
above 400°C. The limiting value in a normal engine to prevent oil
break down Is around 200°C. A graph of liner temperature
distribution with the rate of heat insulation was produced to
accompany the practical work and is shown in figure 3.12. The level
of insulation achieved with the Komatsu engine must therefore be
assumed to be around 30%. With a 50% Insulation level a peak liner 
o
temperature of 600 C is predicted.
To assess the suitability of various lubricants Komatsu ltd used a hot
tube test in which oil is drawn through a glass tube and heated for
a set time period. The oil recovered is given a rating from 10 for
transparent to 0 for very black. The colour is regarded as having a
close relationship with its anti-scuffing performance. Different
synthetic and mineral oils were tested. Some of these were used in
the above insulated engine and the test results stated as satisfactory.
However, this engine has a low level of insulation. A more realistic
50% Insulation level will Increase the liner temperature by a further 
o
200 C, placing the environment beyond the limit of the oils used.
Similar work has been carried out by Radovanovic and Kamo44 
who examined various synthetic lubricants at these intermediate
54
temperatures. For this purpose they developed a minimally cooled
metal engine which ran for 250 hours at a 298kW rating. They noted
that previously tested synthetic lubricants have shown high oil
consumption. However, a polyester based oil was tried which gave
a good oil consumption of 0 .6% of the fuel rate. Typical oil
consumption figures in diesel engines are 0 .2  to 0.5% of the fuel
o
consumption. A liner top ring temperature of 371 C was recorded. 
Analysis of the oil showed a higher iron content than would normally 
be expected but no other problems were evident. The following oil 




Ester and synthetic chain HC 0.522
Polyolester and synthetic HC 0.340
Polyalfaelefin 0.399
Although successful test runs have been concluded using synthetic 
lubricants In minimally Insulated engines it Is unlikely that satisfactory 
performance will be achieved with a 50% Insulation level. Elimination 
of the oil system and the use of solid lubricants, dry ceramic 
bearings etc seem to offer the greatest hope.
The liner temperatures predicted by Komatsu ltd3 in figure 3.12 are
broadly in agreement with those of Cummins 44 who predict a top
ring liner temperature In an insulated engine of 530 to 650°C for
their turbocompound uncooled engine. They regard this temperature
as above the limit for all liquid based organic lubricants. Solid
lubricants were seen as having the best chance of success under
these conditions. A button test was used, as shown in figure 3.13 to
test the different candidate ring materials. Tribaloy 800 (17% Cr.
28% Mo cast material) was used for the buttons, and silicon nitride
for the disc. These tests were conducted at successively increasing
o
temperatures from 200 to 650 C. Synthetic oils were used but they
o
had been burned off by 425 c . The coefficient of friction reduced 
for increased load and temperature. This behaviour is believed to
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result from the formation of low friction oxide films on cobalt 
containing alloys. These oxide films are self healing, and so these 
lubricants can be thought of as self renewing.
Moorhouse et a l45 have also sought to use solid lubricants through 
the development of special piston ring construction. The piston ring 
has small (0.5mm diameter) holes switched into the surface, these 
holes are filled with a solid lubricant. The most promising of these 
lubricants was molybdenum disulphide or lithium fluoride plus copper. 
Although these techniques provide lubrication at high temperatures it 
is unclear how long these solid lubricants will last in an operating 
diesel engine as they are not self renewing.
Running an engine unlubricated is an attractive proposition since fluid 
friction is eliminated increasing efficiency by up to 6%. 44 Timoney 
and Flynn34 have used the opposed piston engine to evaluate the 
performance of a lubricant free engine. Initially a
lithium-alumlno-slllcate construction was used. The engine was 
motered and the friction losses measured, these were found to be 8 
to 10% less than those in a conventional engine. Unfortunately the 
engine failed before further tests could be carried out. Later a SiC 
liner and pair of pistons were installed. Fired testing was concluded 
satisfactorily, and the authors concluded that unlubricated silicon 
carbide reciprocating parts can run with less friction than 
conventionally lubricated metal parts. However, a study in Japan 
reached a different conclusion investigating ceramic sliding 
interfaces. Shimauchi et
a l46conducted various tests under dry conditions where all the 
ceramic materials tried seized under low loadings.
The difficulties associated with the lubrication of the adiabatic engine 
remain unsolved at the present time. Of the various methods which 
have been tried it is unclear which, if any, offer a workable solution 
in a firing engine.
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3 .6  DO COATINGS OR MONOLITHS HAVE THE BEST 
POTENTIAL AS INSULATION?
One of the questions that has arisen with respect to the use of 
ceramics in the internal combustion engine is whether ceramic 
coatings or monoliths offer the best prospects for a reliable insulation 
medium. In some areas it is possible to provide a reasonably 
confident answer. In IDI engines the pre-combustion bowl develops 
such high temperatures and pollutant levels that a PSZ coating is 
unlikely to survive. A ceramic monolithic insert is the only realistic 
design solution in this case. Similarly to insulate the cylinder head 
with a monolithic insert, or construct the entire cylinder head of 
ceramic is probably unrealistic. The bridge between the valves 
represents too great a stress concentration and a ceramic coating is 
generally held to be the best solution. In other areas the best 
choice is less easy to define.
3 .6 .1  CERAMIC COATINGS
The use of ceramic coatings has been mainly restricted to the 
application of partially stabilised zirconia. Typically the coatings 
tested so far have been in the range of 0 . 1 to 0 . 5mm thickness. 
Where thicker coatings have been used the failures have far 
outnumbered the successes. Before the required 50% insulation can 
be achieved thicker coatings must be used. Approximately 2mm of 
PSZ is generally thought to be necessary, beyond this point a further 
decrease in heat loss to coolant is difficult to achieve.
Despite these problems zirconia coatings of up to 3. 5mm have been 
tested successfully in fired diesel engines.41 The difficulty exists in 
extending the lifetimes from less than fifty hours to the thousands of 
hours required. For this to be achieved methods must be found to 
reduce the chemical attack on;
i) The stabilisers
ii) The bond layer.
At the present time it is unclear how this can be accomplished.
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3 .6 .2  CERAMIC MONOLITHS
If the main problem with PSZ coatings can be said to be achieving 
an acceptable life, then the main difficulty with most monoliths is 
their inappropriate properties. With a few exceptions such as PSZ 
and LAS the thermal conductivity of most potential ceramic monolith 
materials is too high. If their use is to be contemplated then further 
insulation must be provided. These materials can therefore only be 
used in situations where it is possible to incorporate an air gap. 
This can be accomplished in the case of the piston by using a 
ceramic cap attached by an interference fit or through the use of 
bolts. However the liner design design is more difficult, if an 
intermediate layer of low thermal conductivity material is used, heat 
flow occurs down the axis of the ceramic as in figure 3. 1#. This 
further lowers the volumetric efficiency, increases ring pack 
temperature and causes an increase in heat transfer to the piston 
sides. For the liner a low thermal conductivity material must be used 
on the gas face. Although LAS has a suitable thermal conductivity 
Its low strength does not recommend its use. Partially stabilised 
zirconia has both low thermal conductivity and moderate strength. A 
shrink fit metal ring can therefore be used around a monolithic 
zirconia Insert, this provides a satisfactory solution and has been 
used by Cummins42 The use of large PSZ monolithic components 
does have some problems, mainly because of its high density and 
also due to the cost of the stabilising materials.
It is therefore possible to set down the alternatives which are likely 
solutions for each of the areas which need insulation in the internal 
combustion engine.
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4 .1  STEADY STATE AND TRANSIENT THERMAL ANALYSIS
OF DISCS
This analysis was introduced to provide a quick method of gauging 
the temperature and stress distributions which arise within disc 
shaped components. Both steady state and transient loadings can be 
investigated to provide an insight into the way thermal stresses occur 
within ceramic coatings or ceramic inserts.
The steady state stresses arising within ceramic coatings can be 
reduced by careful management of the substrate temperature during 
the coating of the disc, and by controling the extent to which the 
disc is allowed to deform. Transient stress distributions are more 
difficult to minimise In this way. controlling the rate of change of gas 
conditions during start up and shut down is more likely to provide an 
effective way of increasing component life. The cycle to cycle stress 
variations are not likely to significantly affect component 
performance.
The analysis has further indicated that while evaluating the stress 
distributions within ceramic components using a numerical analysis it 
is vital to have access to accurate figures for the properties of the 
ceramic materials and the way these change through their operational 
life.
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4.2 THE STUDY OF STRESSES WITHIN ENGINE COMPONENTS
When studying the thermal loading of engine components it Is often 
assumed that the complex variation of gas conditions within a firing 
engine can be represented by steady state values. A mean gas 
temperature, and heat transfer coefficient are taken as acting on the 
cylinder surfaces. This assumption is made to simplify the numerical 
analysis needed to predict the stress distribution within the engine 
components. For a more complete analysis it is necessary to take 
into account the transient thermal effects which exist in a firing
engine.
The most significant are:
1/ The large temperature rise during start up when the engine 
components are cold.
2 / The cycle to cycle fluctuations in temperature, caused by the 
gas compression and combustion. In this case the temperature 
of the engine components will oscillate about a mean value.
It is important to know which of these conditions is the most 
demanding for any given material. A ceramic component must be 
designed to survive under the most severe conditions it will 
encounter. To produce an item oniy knowing its steady state loading 
could lead to its failure, or the use of factors of safety which may be 
inappropriate.
There are many finite element packages available, some of which are 
capable of predicting transient behaviour. However these are general 
purpose programs and the data preparation and computer run time 
are prohibitively long. Many of the test pieces that can be 
incorporated into the ceramic rig (chapter 7) such as monolithic disc 
inserts, or metalic discs with a ceramic coating some, due to their 
simple shape do not require these very complex numerical solutions.
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A quick method of gauging the steady state and transient, 
temperature and stress fields developed within these simple 
components has many uses particularly when comparisons can yield 
relevant data. The numerical analysis of a standard component can 
be used to gauge the suitability of various ceramic materials for the 
diesel engine environment.
Inconsistencies are exhibited in published ceramic property data, this 
results from a lack of standard test types, and the limited scale of
material testing. This variability casts doubt on results derived from
a numerical analysis of stress, which utilises only a single set of
property data. Results can be better interpreted if the relationship
between an error in material property data and the resulting change 
in maximum stress is known. This Interrelationship is best established 
through the use of a simple numerical method.
A further use of this type of analysis is to judge the relative levels of
stress resulting from transient and steady state temperature loadings.
The reults yielded by these numerical investigations can 
therefore be used to:
1/ Highlight areas where material properties need to be known
with a high degree of accuracy, so optimising the funding 
available for materials research.
2/  Gauge when further, more complex analysis is needed and 
to provide a good starting point for the iterative development of 
the design.
3 / Develop realistic factors of safety for interpreting the results 
from other numerical methods.
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4 .3  THE STRESS DISTRIBUTION W ITHIN A DISC
The two dimensional axi-symmetric disc is the standard component 
configuration for use within the insulation test rig. This simple shape 
can be analysed using specialised numerical methods, optimised for 
this specific problem, whilst the representative shape can yield useful 
results.
The stress distribution within a multimaterial disc can be a complex 
function. The presence of material boundaries causes instantaneous 
changes in stress levels, and transient temperature loadings result in 
parabolic stress distributions. We are concerned only with a two 
dimensional axi-symmetric shape with a one dimensional property 
distribution. Similarly the resultant stress field in such a system is 
one dimensional.
The relevant equations for the stress-strain relationship within a 
single material disc are;
E du o„ -  vcj- -  voa + ATyE 4.31—' ■ *  • C fl *
d r
E u _ cr - vo- - vo- + ATyE 4.3.2.
— C r a
r
where u is the radial shift, as shown in appendix 4.1.  
and AT is the change in temperature from the datum, 
y coefficient of thermal expansion, 
o stress.
v poisson's ratio, 
r radius.
subscripts c . r .a  are the circumferential, radial, 
and axial components.
The radial expansion in a disc being a function of the temperature 
and stresses oniy.
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4.4 FORCE BALANCE APPROACH
The problem analysed in this section is that of computing the value 
of forces and deformations within a solid disc subject to a variety of 
thermal and mechanical loadings.
Development of the theory is based on the following 
assumptions;
1/ The plate is flat, of uniform thickness and can be 
represented by a one dimensional axial property distribution.
2 / Maximum disc deflection is not more than one half the 
thickness of the disc.
3 / At no point is the disc stressed beyond its elastic limit.
4 / Straight lines in the plate that were originally vertical remain 
straight but become inclined.
An analytical method has been developed to predict the stress 
distribution that arises within a single material disc. When a disc has 
an axial property distribution the anlysis can be applied repeatedly on 
discrete layers, each of which is assumed to have uniform 
properties. This Is shown in figure 4.1 .  Similarly the temperature 
of each element is taken to be uniform. Any thermal or mechanical 
loads which are applied to the disc will affect the deformation of all 
these discrete layers. Each layer will exert a force on its neighbours 
and act against any restraining surfaces. We know that when a body 
is in equilibrium applied and reactive forces must balance. With the 
force balance method this relationship is used to evaluate the system 
of axial, radial and circumferential stresses within the disc. The disc 
studied by the numerical method will deform to a shape where It is 
In equilibrium.
Using this procedure the material properties can be specified for any 
element, or any group of elements. This facility can be used to 
incorporate temperature dependent properties into the analysis.
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provided empirical relationships can be developed for the property 
variation.
Similarly the process of discretisation can be used to find the 
temperature distribution, derived from steady state or transient 
thermal loadings. The temperature field may be derived from the 
temperature of the outer elements, or the fluid conditions at the disc 
boundaries. With one dimensional analysis no radial heat transfer is 
incorporated, the radial boundary being taken as adiabatic.
4.5 THE NUMERICAL METHOD
As outlined in section 4. 3 the system of stresses in each element is 
governed by its temperature and the radial deformation. The 
deformation is determined by the equilibrium conditions and 
mechanical loading. The temperature is derived from the thermal 
loading.
Before either type of loading is applied it is assumed that there exists 
a uniform temperature at which there are no residual stresses. 
Similarly there is no force developed between adjacent discs, or 
between the elemental discs and their boundaries. This condition is 
taken as a datum, all thermal and mechanical loading is analysed 
with reference to this point. At this datum condition all the elemental 
discs are taken to be flat with a common external diameter. As 
outlined earlier each layer has a uniform temperature and set of 
poperties which can. if desired, be different from the adjacent 
layers.
The analytical procedure follows the theory of superposition of 
strains. Each of the applied loadings causes a strain within the 
elemental discs. These strains are summed and the stresses derived 
from this cumulative strain. The method is best described by 
studying each of these deformations and their causes.
4 .5 .1  The initial condition has no associated residual stresses at a 
datum temperature level and a common outer diameter. This
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arrangement is shown in figure 4.2.  it is now necessary to impose 
the applied temperature distribution on this datum condition.
4 .5 .2  There are two methods used to predict the temperature field 
within the structure. The first is valid for steady state heat transfer, 
the second is appropriate if transient thermal loadings are being 
considered.
a) For steady state analysis a simple resistive network is used. With 
one dimensional heat conduction the thermal energy is transferred 
through each elemental disc in series, in the steady state the heat 
flow through each element must be equal, therefore;
Q - -RtA(TK1 - T,)
for i = 1 . 2 . 3 , 4 ............................N
where N is the number of elemental discs 
A is the contact area between discs 
w is the width of each elemental disc 
T is the uniform temperature of each disc 
k is the thermal conductivity
The temperature at the N nodes can therefore be found by solving the 
N simultaneous equations.
A simpler approach can be developed by introducing the concept of 
the overall heat transfer coefficient; 
where;
Q - -UA(Tn - T1)
U is the overall heat transfer coefficient
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This analysis can be developed to Include convection. It can be 
shown that;
where Q = -U A (T b -  Tfl) 
h Is the surface heat transfer coefficient.
subscripts a and b donate the fluid conditions on either side of 
the disc.
Each of the N+2 elements within this equation can be thought of as 
a resistance In series, forming a resistive network, 1/UA is 
therefore the total thermal resistance. This approach can be used 
to find the nodal temperatures under ail the appropriate boundary 
conditions.
b) When transient heat transfer is considered the analysis is more 
complicated, in this case a finite difference method has been 
introduced to predict the temperature field. This approach is outlined 
in section 4.9.
The temperature field found from a) or b) is now imposed on the 
stress analysis as shown in figure 4.3 .  The elemental discs are 
allowed to expand freely to their equilibrium position. The outer 
diameter is now a function of the temperature distribution and the 
coefficient of thermal expansion.
4 .5 .3  The third stage in the analysis involves setting a common 
external diameter compatible with radial equilibrium. This process is 
shown in figure 4.6.
a) Initially all the elemental discs are restrained to their datum 
diameter, which is defined in 4 .5 .1 .  The radial shift in each 
element resulting from this confinement is labelled Arc .
n
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b) This outer diameter is now varied until the net radial force Is zero. 
Typically some of the elements will be in compression and others in 
tension. The change of radius in each element arrising from this 
equilibrium criterion is called Arj. So the total change of radius Is 
now Arc + Arj.
The resulting configuration is shown in figure 4.4 .
It should be recognised that although the body is now in radial 
equilibrium it is rare for axial equilibrium to be satisfied. The 
physical significance of this situation is that a bending moment must 
be developed about the neutral surface to maintain this position. If 
the body is prevented from axially deforming then this bending 
moment is applied by the external constraints. Should the body be 
free to deform it will assume a position where the bending moment 
is zero.
4. 5 .4  The fourth stage of the analysis is only initiated if the body 
is unrestrained, and therefore able to deform axially, or If forced by 
an external load to deform. The change in radius within each 
element caused by this deformation is denoted the symbol Ar|. and 
is at its maximum at the disc boundaries. Each elemental disc will 
deform such that it forms a section of a sphere radius R. shown in 
figure 4. 5. This radius of curvature can be set to that required for 
equilibrium. when the applied bending moment is zero. 
Alternatively the deformation may be Imposed by external restraints.
The parameters ArQ. Arf , Ar( and R will assume the values required 
for the disc to attain equilibrium. The disc has two degrees of 
freedom, to expand radially, and to deform axially, these correspond 
to Arf and R. The values taken for these varibles are therefore 
adjusted until the equilibrium conditions are satisfied.
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4.6,1 FORMULATION
The separate radial shifts discussed In section 4. 5 ( Arc . Arf. Arp 
are summed and the stresses derived from the cummulative strain 
using the following formula. These stresses are then used to 
ascertain whether equilibrium is achieved with the values chosen for 
Arf and R. The derivation of the formula used is shown In appendix 
4 .1 .  and is summarised below.
It should be noted that the radial and circumferential stresses within 
a disc are equal, as shown in appendix 4. 1 The radial stress in each 
element is therefore;
° r = 2E(Arn+ Arf+ Ar,+ Ara) +
D(l-v) (1-v)
Where D is the disc diameter,
ArQ is the radial shift due to the axial loading 
of each element
The radial stress Is therefore a function of the temperature, 
deformation and axial stress in each element. Similarly for radial 
equilibrium to be satisfied the algebraic sum of the elemental radial 
forces must be zero.
EF = \ h r w,E(Arc+ Arf+ Ar,+ Ara). + D irwjVjOg
(1-v)1-v)
where there are N elemental discs in the body considered 
and wj Is the width of the elemental disc.
The axial stress must also be found, the appropriate equation is;
< V .  ■ "  " f ^ - 1(F / ° 2 ) )  + B (F  / D )  + AC
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where h{ is the distance from the neutral surface to the element 
centre line.
For axial equilibrium to be satisfied then the applied bending moment 
must be zero.
The radial shifts must be such that the equations 4 .6 .2  and 4 .6 .4  
are satisfied.
4.6.2 MATERIAL BOUNDARIES
Complications arise where material boundaries are investigated, there 
is an instantaneous change in stress levels where the preceding 
equations cannot be used. A complementary theory has therefore 
been developed to analyse this step function, based on equilibrium 




made of two materials. The first material is split Into n elements, 
while the second Is divided into m elements. As shown in Appendix
4.1 it follows from equilibrium that;
£ ( ( * w ,  ar . |_-| )h | + (wj / 1 2 ) (^ r. | - i “ ar . i )w iw)
+ o M )h  . + (w. / 1 2 ) ( o  . a ,)w .i f ) -  0
L*(\<| 1 1 . 1 1  I I . I I I . I
The axial loading at the top face, arising from gas pressure, will be 
known. The first term in this expression can therefore be evaluated 
using the analysis outlined in section 4. 5. The second term will only 
be equal to the first when the stresses used In the n+f th disc are 
correct, these stresses however are not known. The stresses in 
elements n+2 to n+m can be calculated once these values are 
established. Different values of afl n+1 (and hence of n+1> can 
therefore be tried until the two terms are equal.
4.7 PROGRAM STRUCTURE
This package is designed to be run interactively although batch 
operation can be specified. However, the computer time required 
is low and unless multiple transient analyses are desired there is little 
to be gained through batch operation.
In use the program presents the operator with a series of options. 
A selection is made according to the nature of the problem to be 
solved. In addition material data will be requested, together with any 
relevant boundary conditions. The program assumes all the data 
used Is dlmensionally consistent. Format and detail required in the 
output is similarly user specified.
The program is subdivided into a series of sections, these have been 
labelled A to L on the flow chart shown In figure 4. 7. A simplified 
flow chart is shown in figure 4 .8 .  These sections are best discussed
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sequentially while following the flow diagram presented in figure 4. 7. 
The program is shown in Appendix 4.2.
The first section (area A) is concerned with the specification of the 
disc size and the input of the mechanical and thermal loading which 
are to be applied to the disc. The user is presented with the 
following options;
la /  Is disc free to deform to Its equilibrium position?
1b/ If not, what is the radius of deformation?
2 / Are temperature dependent properties to be entered using a 
user-written subroutine?
3 / Is a transient analysis required, and if so how many sets of 
results are desired?
4 / Is the disc formed from more than two layers, each with its 
own properties?
Depending on the response received to these enquiries the program 
will decide what further information It requires.





Coefficient of thermal expansion.




The values given are stored in matrices, so the properties pertaining 
to each elemental disc are stored separately.
Subroutine properties is used if a multilayer structure is analysed, as 
in option 4 above. This has a more convenient data Input structure
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if many sets of material property data must be entered.
Alternatively the material data may be set using a user-definable 
subroutine, called section. This can either pass fixed material 
properties back to the main program, or be used to define 
temperature dependent properties. The temperature of each 
elemental disc Is passed to this subroutine and the corresponding set 
of properties calculated. Since the temperature is itself dependent on 
the properties, an iterative loop is used if this method is adopted for 
defining the properties. An initial estimate of the temperature 
distribution is formed and the property distribution calculated. These 
properties are then used to form a better estimate of the temperature 
field. The loop is repeated until the required accuracy is obtained. 
If this subroutine is used all the required properties must be set 
within the subroutine. It is not possible to set some material 
properties using another input facility whilst specifying the remainder 
through the use of subrountine section.
If steady state conditions are to be established the temperature 
distribution is calculated using the resistive network theory as shown 
in section C. If a transient analysis is being developed subroutine 
temppro is used. Temppro forms a matrix containing the 
time-temperature-depth distribution, this stores the temperature of 
each element within the disc at a series of time steps. Subsequently 
for each analysis pursued a single temperature field Is taken from this 
matrix, and used to establish the resulting stress distribution. This 
procedure is further explained in section 4.9 .
After the temperature and property matrices are set the program 
proceedes to calculate the position of the neutral surface as shown 
in subdivision D, using the formula outlined in Appendix 4 .1 .  The 
free expansion in each element Is similarly evaluated, and again 
recorded in a matrix; this corresponds to the theory in section 
4 .9 .2 .
Following section E in the flow chart the program now establishes the 
restraining conditions which are applied to the disc, the options 
available are;
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1 / If the disc is axially restrained, or a known central deflection , 
is applied then an estimate of Ar^  will be taken, this value is 
adjusted until the radial force is found to be zero. (Arf Is the 
radial shift required for radial equilibrium as shown in 4 .5 .3  )
2 / In the case where the disc is given freedom of axial 
movement to reach axial equilibrium, the program will take an 
estimate of both the radius of deformation R on the neutral 
surface, and the radial expansion Arf. Both of these will be 
adjusted until the radial force and the net applied bending 
moment are zero.
Convergence to these equilibrium conditions is iterative, achieved 
using a shooting method.
4 .7 .1  EVALUATION OF THE STRESS DISTRIBUTION
Once a value for Arf . and if appropriate R. has been established the 
resulting stress distribution can be derived. These stress levels are 
recorded In matrices, together with the radial force and the bending 
moment contributed by each of the elemental discs. The analysis 
proceeds from the top face (combustion chamber side) where the 
gas pressure and hence the surface axial stress is known. The 
stresses in each successive elemental disc are evaluated using 
formula 4 .6 .1  and 4 .6 .3 ,  as indicated in division F.
Once a material boundary is encountered the associated change in 
stress levels is calculated. As outlined in section 4.62 the exact 
solution for the change in stress across the material boundary is 
found through iteration. When equation 4 .6 .3  is satisfied then the 
correct stress distribution has been found.
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4 .7 .2  AXIAL AND RADIAL DEFORMATION
Once the stress distribution throughout the disc is finalised the 
cumulative radial force and bending moments are found. It should 
be emphasised that these stresses are those resulting for the values 
of R and Arf which were assumed. If the algebraic sum of the 
elemental radial forces is not zero then a new value of Arf Is
formed using a shooting method, the procedure Is shown in section 
J.
After radial equilibrium has been achieved at a given value of Arf 
and there is no radial force developed by the disc, then the program 
checks if axial equilibrium is required. If the disc is free to assume 
its axial equilibrium position, then the applied bending moment should 
be zero. The value of the radius of deformation R is varied until the 
sum of the elemental bending moments is zero.
4 .7 .3  TABULATED OUTPUT
When the correct values of the axial and radial deformations have
been established, together with the associated stress levels the
program will output the results as shown In section K using the format 
which has been previously requested by the user.
This has three forms;
1/ A summary of the stress levels can be produced. The 
maximum and minimum circumferential and axial stresses
present within each material are recorded, together with the 
conditions to which the disc is subject and the material
properties.
2 / A full output listing, which includes the stress within each 
elemental disc, and a list of the properties for each of the 
materials used.
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3 / If a multiple material disc or temperature dependent 
properties are being studied then the output will state both the 
properties and the stresses within every elemental disc.
4 .7 .4  MULTIPLE ANALYSIS
If more than one disc is being studied, or a transient analysis is 
pursued then the program will repeat the above procedure (as shown 
in section L ). In the case of a transient analysis the
time-temperature-depth matrix is used to obtain the temperature field 
appropriate to the next time step. The analysis is repeated from
section D. If a second run is requested the program will be initiated
from section A.
4*8 VALIDITY OF STRESS ANALYSIS
Three methods have been introduced to monitor the accuracy of the 
force balance method.
1/ Use of independently developed theoretical equations. There are 
two sets of formulae which have been used, valid for different 
loadings, and material configurations.
I) The stresses arising from a linear temperature distribution, 
and forced displacements of a single material disc can be
calculated.
II) For bi-material discs the stresses at the disc surfaces can 
be found for forced central displacements and a uniform 
temperature rise from a zero stress level.
2 / When a disc is free to deform In all axes the axial stress at both 
faces will be equal since equilibrium will be maintained. This 
relationship has not been used within the program, and so provides
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a check on the validity of the stress distribution under this condition.
Appendix 4 .3  shows examples of numerical output using the force 
balance program to study various discs, under different loadings. 
These are compared with values obtained from theoretical formulae.
4 .8 .1  The first of these tests is conducted with a 20mm thick Silicon 
Nitride disc, external diameter 86mm. A linear temperature drop is 
imposed between the two faces. This particular case is of interest 
because when the body Is free to deform, it is able to assume a 
stress free condition. This arises since the linear temperature field 
results in a linear radial strain through the disc. Similarly the strain 
relief as a result of deformation is linear, given uniform material 
properties. Equilibrium is reached when the component strains are 
equal and opposite. The radius of deformation, at which this occurs 
can be calculated using the relevant formula. This value was 
compared with that given by the computer program, using 100 
elements.
The agreement between the curvature given by the computer model 
and theoretical analysis Is such that they agree to all significant 
figures given in the computer output; ie 67.34m.
Figure 4 .9  shows the effect of varying the number of elements used 
in this computer model. The computer and theoretical values 
converge, the accuracy obtained Is therefore a function of the 
computer time that can be devoted to the analysis.
4 .8 .2  The second test is conducted on a bl-materlal disc subject to 
a uniform temperature rise from Its stress free condition, the body is 
free to deform. Both the theoretical equations and the axial 
equilibrium criteria can therefore be used as comparisons.
4 .8 .3  To check the accuracy of the axial stress formulation 4 .6 .3  the 
same disc as In 4 .8 .1  is subject to a forced central deflection of 
0.231mm. corresponding to a radius of curvature of 4m.
77
There are various methods of entering data into this program, the 
analytical sequence is slightly different in each case. In this example 
two methods of data entry have been used;
1/ Assuming the disc to made of two materials, or
2 / Four materials.
In both these cases the material properties in each layer are 
identical, so the stress levels predicted should be identical.
Again there is close agreement between the theoretical equations and 
the computer model, both methods of data input produce solutions 
that are within 2% of the theoretical formula. The alternative output 
format is shown in this example.
4 .8 .4  The last two results show the effect of a temperature drop
between the disc faces. These can be checked using the equilibrium 
criteria in 4.8.
In addition,
T.oDifX = 0 
and EoDTrth = o 
All these conditions are satisfied.
3 / A zirconia coated disc subject to a fixed temperature gradient was 
analysed using the finite element code ANSYS ( discused in chapter 
five ) and the results compared with those given by the disc analysis 
program.
The stress and temperature distribution In a 86mm diameter zirconia 
coated disc are shown in figure 4. 10. these are output plots from 
ANSYS. They are axi-symmetric studies, the left edge of the disc
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being the axis of symmetry. An adiabatic radial wail was used to 
maintain compatabillty with the disc analysis program. The isotherms 
are therefore parallel with the top surface.
The radial stress distribution is shown, there Is a fall off in stress 
levels towards the outside of the disc, caused by the effect of shear 
introduced at the boundary. Most of the disc is subject to 
isostresses running parallel to the surface, and the peak tensile and 
compressive stresses occur in a plain.
A comparison between the finite element analysis and the disc 
analysis is shown in figure 4.12.  The stress levels shown for the 
finite element analysis are the centre line values. A close correlation 
is obtained (<1% error) between the two numerical methods.
4.9.1 COMPUTER SIMULATION OP TRANSIENT TEMPERATURE DISTRIBUTIONS
With transient heat conduction the temperature profile in the solid 
material Is a function of both the spacial coordinates and time. Its 
analysis leads to partial differential equations that are parabolic rather 
than eliptic.
We are concerned only with one dimensional transient conduction in 
rectangular coordinates. The governing equation reduces to the 
following parabolic form;
3T _ a  § £ t  
3 t  3x^
There are many different finite difference methods that are suitable 




2 / Implicit methods
Both of these result in a set of algebraic equations, but each has its 
own inherent advantages and disadvantages. The final choice is 
dependent not only on the geometry of the problem, but the required 
accuracy, and the computational time which can be committed to the 
solution. Further consideration must be given to the range over 
which the solutions are stable. In order to obtain a numerical solution 
to this problem we divide the x and t domains in a series of elements 
each with an Internal node as shown in figure 4.12. This space time 
grid can now be analysed using either of the two previously 
mentioned finite difference methods.
4.9.2 EXPLICIT METHOD
Using finite difference anlaysls we derive the formula;
T U *1  = Ti - I . j + <F0-  2 >T i . | l
where FQ is the Fourier number
it is assumed when developing this formula that during the small time 
increment considered, the heat conduction across the surface of the 
element is constant. The accuracy will therefore increase with the 
fineness of the time mesh. The main advantage associated with this 
method is that the equations are uncoupled and easy to solve, cutting 
the required computer run time for a given solution.
Examination of the above formula reveals that If the term Is
less than 2 the coefficient of T( j will be negative. To examine the 
physical significance of this characteristic suppose at any instant J. 
the temperatures Tj+1 j T^^ j are equal but less than Tj j. Then If 
the time step is chosen such that 1 /F0 < 2. the temperature T( j+1 
will be less than that of the neighbouring nodes, but this is not 
possible thermodynamically. Therefore to obtain meaningful solutions
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the value of the parameter 1/F Q should be chosen such that;
0 l  Fq l  0 .5
4.9.3 IMPLICIT METHOD
The finite difference explicit method described above has the 
disadvantage that, if a small space step Ax is chosen to improve the 
accuracy of the calculations the computational problem increases 
because the time step At must also be very small due to the stability 
consideration.
In order to remove this restriction it is necessary to use an implicit 
method of finite differencing. There are many implicit schemes, the 
fully Implicit method gives the equation;
t i.j ■ a / Ti - i . ) + i *  t i+ i . i+ i~  2Ti.)+i
I  AX2
This expression is of the same form as that for the implicit method, 
but the right hand terms are evaluated at the time step j+1. rather 
than at j in the implicit form. The fully implicit method, though 
stable for any At is not as accurate per unit of computer run time as 
the more general Implicit method, where a weighted average of Tj 
and Tj^i is used;
■ t i.j
= aA t ( 1-X) /T ,+1 |+1 -2 T , |+ Tj_i j+1 \ +X /T |+1 j -  2T, j+ T ,„ 1 ^
Ax Ax
Putting X=0 gives the explicit form. X=1 gives the fully implicit form. 
If there are complications in the system being solved, for example
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where variable conductivity Is considered, the X should be chosen 
close to 1. for this choice generates the most stable solution. Lower 
values of X produce better levels of local truncation error and 
accuracy, but if
0*X£0. 5
then the solution is only stable if
Fo *  - ° » 5 
( 1 - 2 X )
With the geometry and time increment that are being considered this 
is too great a limitation, except where X*0.5 .  For this reason the 
Crank-Ntcholson method was chosen, which has the lowest 
accumulated truncation error whilst maintaining unconditional stability.
TI.J+1 ~ Ti.|
= aAt|/T,+1 j+1 -2T, j+T,_-, j+1\ + /T,+1 j- 2T, j+T M  j
2Ax‘ 2Ax‘
The derivation of the Crank-Nicholson form Is shown In Appendix 4.4 .
Each of these Implicit methods involves the solution of a set of 
equations, each with three unknowns, except the first and last with 
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The temperatures j * T2 j  Tn j are the conditions, and
are known. The n algebraic equations are simultaneously solved, 
using the algorithm shown in Appendix 4. 5. and the temperatures
T1 J+1'T2 J+1...................  Tn |+1 *ound’ Tho temperatures at the rest
of the time steps are computed in a similar manner.
Further formulae are needed for a flnite-dlfference representation of 
the boundary conditions, in Crank-Nicholson form these are
"BiFoTf.J+l + (BiFo+1 * Ts.J+ l”FoT2.J+l
where T$ is the surface temperature 
and Tj is the fluid temperature.
In addition the presence of internal material interfaces alters the 
Crank-Nicholson equations derived earlier, although they maintain the 
same format. The final form of the tri-diagonal matrix derived with 
this method is shown on the next page.
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4.10 OPERATION OF TRANSIENT TEMPERATURE PROGRAM
During its initialisation procedure the main program will enquire if a 
transient analysis should be developed. If the operator requests a 
transient solution the input data must contain the density and specific 
heat capacity of each material used. This program will calculate the 
temperature distribution at a number of time steps.
The transient analysis program is called only once, regardless of the 
number of temperature fields requested. A matrix is formed of the 
depth-temperature-time distribution. This contains the temperature 
of the nodal point in each of the elemental discs, at each of the time 
increments specified. The same elemental grid is used with the 
thermal analysis as in the force balance method.
The material data, boundary conditions and grid dimensions are 
transferred to the thermal analysis package contained in subroutine 
temppro. This package will then operate independently of the stress 
program, until all the temperature distributions are calculated. 
Some or all of these temperature fields are recorded In the matrix. 
This data is then transferred back to the main program which 
calculates and records the stress distribution at each of the time 
increments.
Program structure is shown in the flow chart figure 4.13.  and the 
program listing is shown in Appendix 4. 6 . As mentioned above the 
first action is to define the material data. In addition the thermal 
boundary conditions must be set. Either in terms of the wall 
temperature, or the fluid flow conditions on the disc faces. These 
can be set as constants or as time dependent variables. The 
applied thermal loading will probably be a complex time dependent 
function of engine crank-angle. and inlet gas temperature. In this 
case the user must set up a subroutine called tempbound. This 
subroutine should calculate the applied thermal boundary conditions 
in response to an input of time.
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Once the initialisation is completed the program assembles the 
system of simultaneous equations for each of the time increment 
considered. These are then solved using the tridiagonal matrix 
algorithm outlined in Appendix 4. 5. The relevant subroutine is called 
trldlg.
To achieve high accuracy results it is neccessary to use a small time 
increment, especially if the applied thermal conditions are 
oscillatory. it is, however, not neccessary to calculate the stress 
distribution at each of the time increments. The program therefore 
selects only a few of the calculated temperature fields for recording 
in the depth-temperature-time matrix.
Once the pre-set number of cycles has been performed control is 
then returned to the force balance program.
4.11 VALIDITY OF TRANSIENT ANALYSIS
There are two areas which can be checked, both the predicted
transient temperature field and the final steady state distribution.
The example given in Appendix 4. 7 is for a ceramic material 
Thermal conductivity = 30 W/mK
2Density = 3800 kg/m
Heat capacity = 800 J/Kg
A 20mm thick specimen is taken at a uniform initial temperature of 
200°C. One side is maintained at 200°C whilst the other is left open 
to gas, at a temperature of 1200°C and a heat transfer coefficient 
of l lOOW/m2 .
The program is used to output the temperature field to a data file at
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specified time increments, the tabulated output for this example is 
shown. The temperature field is recorded at 2 .7  second time 
intervals and at 2mm depth Intervals.
It Is nesessary to validate the transient response. A hand calculated 
finite difference explicit method was used, with spatial and time 
increments chosen for stability. The stability criterion forced the use 
of a very coarse spatial grid, so inaccuracies are inevitable. Despite 
this limitation the agreement between the explicit and implicit methods 
is good as shown.
In addition the steady state distribution can easily be checked using 
a one dimensional thermal network. The example given shows the 
temperature field predicted by the implicit method to have stabilised 
after about 100 seconds, at this point the agreement with the steady 
state temperature given by the thermal network is shown in Appendix 
4. 7.
4. 12 GRAPHICAL OUTPUT
When using the force balance method to study the transient behaviour 
of discs a large quantity of numerical data is produced. Although 
this is tabulated in the same way as the steady state analysis, it is 
none the less difficult to isolate the trends exhibited by the data. To
best show the transient behaviour a graphics subroutine has been
produced which can show the progression of the temperature and 
stress distributions within the disc. The standard tabulated output 
from the stress program is used as the input for this graphics 
package. The operator only needs to specify the number of transient 
responses which are to be plotted. The remaining criteria are set by 
the program.
Three graphs are produced;
Temperature vs depth
Radial stress vs depth
Axial stress vs depth
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The axes are automatically set. example outputs are shown In figures 
4.27 to 4.30.
The program listing Is shown in Appendix 4 .8 . and uses the plot_ 
routines with multics fortran.
4.13.1 PREDICTED STEADY STATE THERMAL CHARACTERISTICS
The stresses arising within engine components are the result of two 
types of imposed loading, these being thermal and mechanical. 
Mechanical loading of stationary components Is produced either by 
gas pressure or mechanical restraints. Also the thermal loading has 
two causes. Firstly that resulting from an increase in bulk material 
temperature above that at which the component was formed. 
Secondly a temperature difference across the material will give rise 
to thermal stresses. The stress analysis program has been used to
examine the effects of these two thermal loadings.
Two examples have been taken;
1 / A 2mm thick layer of Silicon Nitride on a 21mm thick base of
steel, disc diameter 86mm.
Si N Steel
Young's modulus 290 200
Thermal conductivity 20 30
Thermal expansion 2. 5 14




2 /  A 2mm thick layer of Partially Stabilised Zirconia on a 21mm thick
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base of steel, disc diameter 86mm.
PSZ Steel
Young's modulus 220 200 QPa
Thermal conductivity 3 30 W /M 2
Thermal expansion 10 10 x l0“6
Polssons ratio 0.23 0 .3
The above figures are typical of the published material property data.
Silicon Nitride is not a practical coating material but studying this 
case can give an Insight into certain characteristics.
Figures 4 .14  and 4 .15 show the stresses developed within the two 
example discs from both of the temperature distributions mentioned. 
In these examples both the discs are unrestrained, and axial 
movement is allowed, this corresponds to the design shown In figure 
4^fb.
Due to the close matching of thermal expansivity the stress 
distribution that arises with the PSZ example is less that that in the 
Silicon Nitride. However a more Important effect, is that with the PSZ 
the two thermal radial thermal stresses can be arranged to cancel 
one another. A uniform temperature rise in the disc causes both 
tensile and compressive loadings in the Zirconia coating, while a 
temperature difference between the faces causes a compressive 
loading. By choosing the temperature at which the coating is formed 
it is possible to minimise the stresses within the coating, and to 
ensure the loading is compressive. If this approach is used it will 
be necessary to ensure that the disc is not subject to stresses at 
atmospheric conditions which would cause yielding.
The same two discs as above are examined in figures 4.16 and 
4.17.  but are not allowed to axially deform, a design which
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represents this is shown in figure 4 . 18a. The Silicon Nitride again 
develops higher magnitudes of stress than the Zirconia. The 
unrestrained Zirconia disc will develop lower radial stresses than the 
unrestrined example, unless the two thermal stresses can be used to 
counter one another.
In neither case are the axial stresses likely to prove critical.
Figure 4.19 shows the radial stresses that arise by imposing a given 
radius of curvature (or central deflection). The smaller the radius 
of curvature the greater the stresses produced. Since there is a 
linear radial stress distribution through the disc the graph only 
records the stresses that ar Ise at the top and bottom of the ceramic 
face. Also shown is the effect of the two types of thermal loading, 
both of which are independent of the radius of curvature. These 
correspond to a 100°C temperature drop between opposite faces, 
and a 100°C uniform temperature rise. As mentioned above, it can 
be seen that Is Is possible with the Zirconia coating to arrange the 
thermal stresses to relieve each other.
The effect of the radius of curvature is further examined in figure 
4.20 and 4.21.  a disc having a fixed temperature distribution of 800K 
on the ceramic surface and 200K on the rear face (relative to a zero 
stress position). Figure 4 .20  shows that by allowing the disc 
freedom to deform the resulting axial stresses are kept close to their 
minimum. However the radial stresses are not at their optimum at 
this condition, as shown in figure 4.21. By reducing the central 
deflection that is permitted the radial stresses are reduced, in the 
case of the PSZ coating limiting the radius of curvature to 15m 
significantly reduces the tensile radial loading within the coating, 
while only slightly increasing the axial stress.
Figures 4.22 and 4.23 show the effect of increasing the coating 
thickness on the radial stresses. In both the restrained and 
unrestrained states. In both examples a disc of 86mm diameter and 
23mm thickness was taken. The ceramic face is open to gas 
T=1500K. h=1100W/M2K the rear face is held at 500K. It is 
assumed that the disc is stress free at 300K.
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With Silicon Nitride the effect of increasing the coating thickness is 
to reduce the stress levels. This behaviour arrises because the thin 
coatings are forced to deform to a position imposed by the metallc 
base. The thicker coatings are able to assume a compromise 
position transfering more of the load to the base. With a thicker PSZ 
coating a greatly increased temperature drop is developed across the 
ceramic. This increases the thermal mismatch, resulting in higher 
stress levels. However at very high coating thicknesses the
temperature drop has almost stabilised The predominant effect with 
these thickest coatings is the way the Zirconia is able to transfer its 
loading by straining the metal base.
4 .1 3 .2  THE EFFECT OF INACCURATE MATERIAL PROPERY DATA
As discussed in section 4 .2  there are inconsistencies within the 
published ceramic property data. When analysing the stresses which 
are derived within ceramic components it is necessary to allow for 
the range of properties which can be exhibited.
The force balance method can be used to establish the relationship
«
between an error in material property data and the resulting change 
in maximum stresses. Figures 4 .24  to 4 .27  show the percentage 
change in stress against a percentage error in property data used in 
the analysis. This percentage change is defined as the change In 
stress at a given point divided by the maximum stress within the 
material. On all graphs a ±20% error in material property data is 
shown. This range is not excessive and represents the range which 
can result from both Inacuurate/inappropriate property measurement, 
coupled with the changes in ceramic properties which arrise over 
time, especially in a hostile environment, such as that within the 
diesel engine.






The behaviour is shown for both restrained and unrestrained discs 
(correspnding to figures 4 .18a and 4 .1 8b ). The same disc 
configuration and properties are used as discussed in 4 .1 3 .1 .
Figures 4 .24  to 4 .25 examine the case of axially restrained discs, 
in all cases a given error in a material property produces a less than 
proportional change in the maximum stress, except with the 
coefficient of thermal expansion. A 10% error in this property causes 
an error of approx 25% In the stress calculated at the top face.
Similar behaviour is produced with the unrestrained discs, shown in 
figures 4 .26  to 4.27. The effect of an error in Young's modulus with 
Silicon Nitride is reduced, whilst the effect of the coefficient of 
thermal expansion in PSZ is increased. In this case a 10% error in 
the property data leads to a 30% error in the stresses predicted at 
the top face.
These percentage figures can however be misleading, under some 
situations a tensile load can be developd within the ceramic when the 
analysis (performed with inaccurate data) gives a compressive load.
4 .1 3 .3  TRANSIENT RESPONSE OF MONOLITHS
The computer output from two transient analyses is shown in figures 
4. 28 to 4. 31. The two cases considered are of a PSZ disc and a 
Silicon Nitride disc. Both are 86mm diameter and 20mm thick, each 
is made of a single material, the properties of which are recorded 
In section 4 .1 3 .1 . One side of the disc Is subject to a fluctuating 
gas temperature, corresponding to the environment created with the 
insulation test rig operating at its minimum temperature rating.
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Gas Inlet temperature
Maximum In cylinder temperature 
Rear face held at 







pressure loading Ignored, no mechanical restraints taken.
There are two effects to monitor, those resulting from the Initial gas 
temperature rise, and that arrising from the cycle to cycle 
fluctuations. These are shown in figures 4 .32a and 4 .32b.
The transient temperature distribution within the PSZ disc from 0. 5 to 
5 seconds and from 2 to 20 seconds are shown in figure 4. 28. All 
the readings are taken at TDC corresponding to position A on figures 
4 .32 . From figure 4 .28  the gas side surface temperature can be 
seen to be approximately 200°C after 0 .5  seconds. The two graphs 
therefore show the progress of the temperature wave through the 
material.
Figure 4 .29  show the radial stress distribution from 0 .5  to 20 
seconds. Initially the peak tensile load Is increasing and moving 
through the material. At approximately 10 seconds the maximum 
tensile stress of about 70KPa is reached, after this time although the 
stress wave continues through the material it decreases In intensity. 
In the steady state the disc is able to assume a stress free position. 
The axial stress distribution Is shown in figure 4. 30. the stress levels 
shown are all low. The peak radial stress occurs in conjunction with 
the peak axial stress and marks the depth the temperature wave has 
reached. As with the radial stresses the maximum level is reached 
at about 10 seconds, after which the levels recede.
The cycle to cycle fluctuations in temperature and radial stress are 
shown In figure 4 .31 . A single engine revolution has been 
analysed, at a point 6 seconds after start up. There is 
approximately a ± 8°C variation In surface temperature which 
penetrates to a depth of less than 1mm. The change in radial stress 
is about ±20KPa. however since the material is in continual
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compression it may not to present a fatigue problem.
Figure 4 .33 shows the transient response of the Silicon Nitride disc, 
the behaviour is similar to that of the PSZ disc. The temperatures 
are recorded at BDC corresponding to point B in figure 4. 32. There 
is consequently a drop in the temperature gradient at the surface 
caused by the cycle to cycle gas temperature variation. In this 
example the steady state temperature distribution is approximated 
after 10 seconds. Since the temperature gradient in the Silicon 
Nitride disc is not as steep as In PSZ. the peak stresses are 
consequently lower. The peak radial stress of 3KPa has been 
reached at 2 seconds at a depth of 8mm. this is approximately 5% 
of that arrising in the PSZ under identical conditions.
4. 13.4 TRANSIENT RESPONSE OF ZIRCONIA COATING
The transient temperature and stress distributions in an 86mm 
diameter zirconia coated disc are shown in figures 4 .34  to 4 .36 . 
A 1mm coating on a 1cm thick steel substrate is used. This disc Is 
initially at a uniform temperature of 20°C. The following boundary 
conditions were instantaneously imposed.
Heat transfer coefficient of water 
Water temperature 






Time intervals of 0 .2  seconds are used for the temperature and 
stress plots shown. Over the 2 second scale shown in figure 4 .34  
the temperature of the ceramic at the gas surface has risen by 265K. 
whilst the interface has risen by only 30K.
The stresses developed within the coating over this time are all 
compressive. This behaviour is expected as the insulative ability of 
the ceramic will ensure the temperature rise in the metal will be 
small in relation to that in the ceramic. The higher thermal 
expansion of the base material will therefore have little effect on the 
stress distribution. Consequently only compressive stresses will be
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produced in the coating.
Maximum tensile stresses within the coating will occur in the steady 
state. A transient analysis of a zirconia coating therefore reveals 
little information to warrant a protracted investigation. The stresses 
derived when the coating is being cooled would present a more 
critical situation, but to model this an assessment would have to 
made of the air temperature and heat transfer coefficient during shut 
down, and the appropriate data is not available.
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5. 1 APPLICATION OF THE FINITE ELEMENT METHOD TO THE 
STUDY OF CERAMIC MONOLITHS AND COATINGS
The finite element package ANSYS has been used to study both 
ceramic coatings and monoliths using two dimensional, two 
dimensional axisymmetric and three dimensional models of engine 
components. The concept of running a single finite element model 
with a spread of material data and boundary conditions has been 
advanced. This procedure makes allowance for the possibility that the 
material property data and the boundary conditions may be 
inaccurate. In this way the worst conditions that can arise will be 
found rather than just the average. If an analysis of this depth is 
not persued then a large factor of safety must be incorporated. This 
application of a large global factor of safety is only a method of 
allowing for inaccuracies and variables the engineer cannot properly 
represent, the less thorough the Investigation the larger this factor 
must be. Similarly individual aspects of the design should be varied 
(such as radii and section widths) so that the basic characteristics 
of a particular design can be recognised, not only revealing the 
position and cause of a stress concentration but also possible 
methods for minimising these stresses. Stress concentrations are 
not always the result of a single design feature and often arise as a 
result of a variety of factors. A single finite element run will 
generally fail to uncover these causal-relationships.
The problems with the finite element method are further exacerbated 
when ceramics are studied, as the data base of material properties 
is both unreliable and limited in coverage. Also ceramics exhibit 
properties which can only be represented accurately through the use 
of statistical analysis. The spread of properties Is Increased further 
where ceramic coatings as opposed to monoliths are used. The 
presence of large numbers of micro cracks in plasma sprayed 
coatings produce very different stress levels from those which would 
arise in a fully dense coating. When interpreting the finite element 
results these effects must be taken into account.
It follows as a consequence of these areas of uncertainty that the
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stresses predicted for a ceramic component will rarely be accurate. 
All that can be achieved is to ascertain the positions of stress 
concentrations, and evaluate methods for lowering these stress 
peaks. Finding exact stress levels throughout a ceramic component 
is often not achievable.
5 .2  THE DEVELOPMENT AND USE OF FINITE ELEMENT
PROGRAMS
The finite element method was developed within the Aerospace 
industry in the 1950's for structural mechanics. Over the next thirty 
years this numerical procedure has been developed to produce a 
number of multipurpose computer programs capable of analysing 
thermal, mechanical, and electrical systems, under both transient 
and steady state conditions. This advance was originally achieved as 
a consequence of the need for a more accurate analysis of aircraft 
frames and the development of high speed computers. The finite 
element method is concerned with the replacement of continuous 
functions with piecewise approximations, usually polynomials. The 
power of the computer is needed not only to solve the piecewise 
equations, but also to assist in the discretisation of the model and 
the presentation of the results. Without recent developments In 
computer science the finite element method could not be used except 
on the simplest structures.
As these mathematical tools have become generally available it has 
become increasingly important to make the large programs user 
friendly and so accessible to the non-specialist. Engineers with 
little or no theoretical understanding of the finite element method are 
now able to operate these programs. To achieve this level of user 
friendliness the codes written for the mesh generation, and result 
presentation facilities have become as complex as the finite element 
code Itself. The commercial success or failure of the program 
depends to a large extent on these pre and post processors.
However, the excellent presentation of results which is produced by 
the large finite element codes may be a source of other problems. 
The very clear result presentation gives the impression that the
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problem has been correctly set up and solved, when this may not be 
the case. The engineer often lacks even a basic knowledge of the 
finite element method and fails to recognise its limitations. An ability 
to interpret correctly the graphical and numerical output can only be 
acquired through experience. Similarly for accurate results both the 
mesh used, and element type must be appropriate to the particular 
problem under consideration. This difficulty in setting up the model 
and interpreting the results is increased as the material properties, 
operating conditions. and dimensions are often not known 
accurately, and approximations or at the best average values have to 
be used.
5.3 THE FINITE ELEMENT METHOD
Engineers are often concerned with the effects of externally applied 
loads on a given component. These loads include pressures, 
thermal fluxes and applied mechanical loadings. The resulting 
deformations, stresses and temperatures need to be evaluated to 
assess the suitability of a given design. The finite element method 
Is used to find the distribution of these effects or displacements 
(thermal or mechanical). It Is necessary to recognise the strengths 
and weaknesses of the finite element method before an assessment 
can be made of where Its use is appropriate. Similarly the 
conditions under which high accuracy answers are obtainable must 
be known. For this to be achieved a theoretical understanding of the 
finite element method must be gained.
There are a number of conceptual stages in the use of the finite 
element method, shown as a flow chart in figure 5 .1 .
/
Firstly the body is divided into a number of regions, as a 
consequence the distribution of the continuously variable 
displacement (such as temperature or strain) is similarly discretised. 
These subdivided elements are easier to analyse than the complete 
system. Generally the elements are triangular or quadrilateral when 
a two dimensional analysis is pursued or a hexahedron in three
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dimensions. Figure 5. 2 shows some typical finite elements. These 
elements have nodes in each corner with straight sides between the 
nodes. Although any body can be divided into a large number of 
these regularly shaped elements, often the boundary shape is better 
represented using a second order isoparametric element. The 
boundary of these isoparametric elements is described by a 
polynomial function, with nodes along the element boundary as 
shown in figure 5. 3.
Once the body is divided into a number of elements the finite element 
method concerns itself with approximating a continuous function over 
a single element. A series of mathematical functions, generally 
polynomials, are used to describe the shape of the displacement 
over the element. Where the polynomial used is linear the element 
is described as simplex. The value of the displacement over the 
element can be represented diagramatically as in figure 5 .4 . The 
polynomial discribing the displacement over this area is called an 
interpolating polynomial. 55
u = aa + a bx + aCy + “ d**
where a to a M are constants, a d
It follows that at node 1, where x=X1# y=Y^. u=U1
u=U.j at x=Xr *< ii -<
u=U2 at x=X2 . y=Y2
u=u3 at x=X3' y=Y3
u=U4 at x=X4 , *< ii -< *
These conditions can be used to produce the element equation
u — N i U-j + N2U2 + N3U3 + N4U4
99
Where expressions -* can be derived from the conditions at 
the nodes.
or more generally, for m nodes
U = '♦  N2U2 ♦  ♦ NmUm
Where .................. Um are the displacements at the nodal
points.
and N1.. ..................  Nm are the shape functions
Such that at node 1 N, = 1: while N0 -♦ N = 01 2 m
and at node 2 N„ = 1; while N, & N„-» = 02 l o r n
As an alternative to the simplex element where a linear interpolation 
polynomial is used a quadratic or cubic form can be utilised, 
represented graphically in figure 5 .5 . The Interpolating polynomial 
takes the form;
u = a a + a b* + acy + “ d ^  + “ e*2 + afy2 + agx2y + “ h^ 2 
This equation can be rearranged to produce the element equation
u = Ni U1 + N2 U2 + N3U3 + U8N8
with eight shape functions -» NQ
If only one type of displacement is possible at a node (ie :a  
temperature displacement). then there are as many terms as nodes. 
If the node has two or more degrees of freedom (ie: physical 
displacement in the x and y directions) then the equation will contain 
a term for each of these displacements. A different polynomial is 
defined for each element. Each polynomial is selected in such a 
way that continuity is maintained along the element boundaries, if all 
the governing equations can be formulated in terms of a first
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derivative then for continuity only the values of displacement at the
nodes need be identical. When the governing equations contain
second derivatives the necessary continuity is achieved when the first 
derivative of the approximating function is continuous between 
elements. 52 These two cases are shown in figures 5.6i and 5.6ii. 
By completing this process a piecewise continuous function for the 
entire region is formed.
For the two elements shown in figure 5. 6 i
u1 = N^U-j + NgU2 + N3 U3 + N4’ u 4
u2 = n 2u.j ♦ n 2u4 + n | u 5 + n | u 6
where the superscript represents the element number.
5 .4 .0  PiECEWISE CONTINUOUS FUNCTIONS
The theory for individual elements is now expanded to form a set of 
element equations covering a complete body. The nodal 
displacements can be scalar (ie: temperature) or vector, (ie: pysical 
displacements)
i) Examining a four element domain with scalar dispacement only, 
shown in figure 5. 7. There are nine degrees of freedom -» Ug 
, and four element equations which can be arranged in matrix form;
u' N,‘ Ni Ni n ; 0 0 0 0 0
ul 0 N l N i 0 N i N I 0 0 0
u* 0 N j 0 0 n | 0 N i n S 0





ii) Similarly with vector displacements, as shown in figure 5 .8  with 
eighteen degrees of freedom. This produces the element equation;







Or over the entire domain;
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5 .5  SOLUTION OF ELEMENT EQUATION
The element equations are now developed by assuming a shape of 
displacement that satisfies the external boundaries together with the 
principles and laws of the physical situation. In the early stages of 
the development of the finite element method a property related to 
the physical process under consideration was integrated under 
conditions which minimise the answer. In a mechanical problem the 
potential energy of the system was thus minimised. A number of 
additional methods are now available including the variational 
technique and more recently the Galerkin method. 53
With the variational technique the integral of a function is minimised. 
This functional must have the property that any function which makes 
it a minimum also satisfies the governing differential equation and the 
boundary conditions. Variational calculus is used when finding the 
stationary values of functionals. In the case of a two dimensional 
thermal conductivity the minimising procedure produces a set of 
linear equations that can be solved for the nodal values. Considering 
the case of heat transfer in two dimensions, the governing equation 
for this problem is; 54
xx and yy donate the x and y planes.
where the temperature T, Is continuous through the body. Keeping 
the previous notation u for displacement then:
+ Q =  0
where u is the temperature.
The functional formulation equivalent to this expression is derived.
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*  = i 
2
r r - -
•So.du + V du -  2Qu
dx dy
dV
This equation must be minimised with respect to the set of nodal 
values u. The functional can thus be re-written for element e.
M M M "  2u0q‘ dV
where
9




M - Kxx 0 
O K~yy
Since our model consists of four elements each with its own 
continuous functions then;
f  Is minimised when d f  = 0 .
du
The previously derived matrix 5. 1 for u is now used to solve this 
system of matrices.
More recently the system of nodal equations has been formed by a 
weighted residual method such as Galerkin's method. The Galerkin 
method is a procedure for finding an approximate solution to a 
differential equation. This is used to find solutions to the initial 
governing differential equation without the need for a formulation of 
the physical problem as with the variational formulation.
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5 .6  MESH FORMATION W HEN ANALYSING A CERAMIC STRUCTURE
When assembling the mesh used in a finite element analysis it is not 
sufficient merely to fill the models boundaries with the type, size and 
distribution of elements which are the most convenient. The 
engineer must make an assessment as to where the steepest stress 
gradients will be encountered, and in this region a fine mesh 
structure must be used. Similarly consideration must be given to the 
type of element which is to be used.
With the more sophisticated finite element packages the user has to 
choose between a large number of element types. The choice 
between a thermal solid, membrane shell, fluid element, or 
structural solid is easily made according to the nature of the 
problem. Two further choices need to be made:
i) The number of dimensions to be modelled.
ii) The element order.
Often the geometry of the component being studied forces the use of 
either one dimensional. two dimensional. two dimensional 
axisymmetric or three dimensional elements. However with many 
components it is possible to simplify the problem. Pistons are often 
approximated to a two dimensional axisymmetric equivalent. 
Reasonable accuracy is produced in this way provided the aRea of 
investigation is away from the site of the gudgeon pin. The number 
of elements still available to the user could still be more than six. 
The decision as to which to use will depend on the steepness of the 
stress gradients and on which shape of element is best suited to 
filling the component layout.
High order elements should be used where the second derivative of 
displacement with position is large, as fewer elements are necessary 
in this case to produce high accuracy as shown In figure 5 .9 . 
Rectangular elements are often the easiest to build a model from but 
in some cases, especially where curved boundaries are present 
triangular elements may be better as in figure 5.10. The best choice
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may involve a mixture of various elements provided the program 
ensures continuity across the junctions. A further factor which must 
be considered is the ease with which the program code can generate 
a mesh of the desired form. Experience of when each element 
should be used is important, and a series of trial runs should be 
undertaken by the inexperienced operator so the accuracy of each 
type can be assessed in the situations likely to be encountered.
Similarly the shape of each element is an important factor, they 
should not have a high ratio of length to width, or the accuracy will 
be impaired. Figures 5.11 and 5.12 show the meshes used to 
analyse a ceramic coated piston crown. In comparison the mesh 
used in 5. 13 and 5. 14 produces as much as a 20% error in 
calculating stresses and temperatures. This error arrises because in 
the second example thin elements where used in the coating, whilst 
the first used a higher width/length ratio. In addition the range of 
included angles between adjacent sides is often limited. For 
complex models involving many curved surfaces these, limitations 
make the construction of a mesh a complicated task. These 
difficulties also arise when studying ceramic coatings, the thin layer 
of ceramic has a very steep stress gradient within it. It is therefore 
necessary to incorporate a large number of elements through the 
coating width. Since the length/width ratio is limited this leads to a 
large number of elements being used along the coating length The 
completed model involves a large number of elements, and this 
increases the computer run time. The model shown in 5.11 uses 
approximately 3000 CPU seconds on the VAX 11/750 computer to 
calculate the stress and temperature fields.
The engineer often studies systems involving two materials, in this 
case particular consideration must be given to the way these 
materials interact. This is Important not only in the case of two 
separate components in contact ( through an applied load or an 
interference fit ) but also where two materials are directly bonded.
In the case of a ceramic coated component there are two ways of
forming the mesh at the Interface. Both materials can have a
common set of nodes at the boundary, or a double set can be used
occupying the same spatial co-ordinates; this is shown in figure
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5.15. Where a double set of nodes is used each pair of nodes must 
be coupled. In both cases the finite element method produces the 
same set of calculated values. However the graphics packages are 
often unable to plot the iso-stresses correctly at points close to the 
boundary when a single set of nodes are used. This difficulty arrises 
because the displacement of each node is calculated, the stresses 
are then found from this value using the relevant material properties. 
The set of nodes along the boundary only has a single corresponding 
set of material property data. The graphics packages therefore 
calculate a single stress value at that node. However, the node on 
the boundary should be considered as overlapping the material 
boundary and hence processing both sets of material properties, and 
therefore have two sets of stresses. This problem is examined in 
figure 5 .25 . Where a double set of nodes is used, then the four 
nodes on the element examined have stresses of -10 . 40. 60 and 
20 MPa and the isostresses can easily be plotted. With a single set 
of nodes the four stress levels predicted are 125, 170, 60 and 20 
MPa, the iso stress lines in one material will therefore attempt to join 
with the same value iso stress line in the second material producing 
a very misleading plot. It should be recognised that the stress lines 
away from the boundary will be identical in either case. When only 
the stresses away from the boundary are of interest then a single set 
of nodes can be used, as this is the simplest of the two approaches 
to analyse.
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5.7 ZIRCONIA CERAMIC COATINGS ON PISTONS
This finite element study of ceramic coatings includes two 
dimensional and two dimensional axi-symmetric representations of 
pistons. The approach used in both these cases has been Initially to 
take simplified components and study the stress patterns that arise by 
altering features of the design. More complete representations of 
pistons have subsequently been used to provide a more accurate 
overall picture of the stress behaviour.
Many different models have been studied with a variety of ceramic
properties, base materials and coating thicknesses. An attempt has 
been made to examine the effect of a variation in the temperature of 
the matallic base during the plasma spraying. Very large reductions 
in the peak tensile stress can be achieved in this way. but only at 
the expense of increasing the residual stresses present in the sample 
at room temperature. However even using this method to minimise 
the stress levels, they are still sufficient to cause the coating to fall.
This behaviour is expected as we know from practical work that 
micro-cracking of the coating occurs either during the coating 
formation, or at the latest during the first thermal cycle. The way 
these micro cracks affect the stress patterns needs to be examined. 
Unfortunately it is not possible to create a model of an entire piston
complete with micro cracking as the computer run time for such a
study would be excessive. Instead a two dimensional analysis has 
been pursued to investigate the stresses that arise in small two 
dimensional sections of the coating, containing just a few micro 
cracks.
5.8 EFFECT OF MICRO CRACKING
Due to the high level of porosity and cracks present in all PSZ 
coatings the stresses predicted by a simple finite element study will 
be inaccurate. It is only possible to predict general regions where 
high stresses will occur. However this is of significance since it is 
in these regions where high levels of microcracking will develop.
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This micro cracking will develop as the loading increases until the 
stresses are reduced to below the maximum strength of the 
materials. A high level of cracks will in turn lead to easier chemical 
attack of the bond layer, which will cause coating failure. It is 
therefore Important to reduce cracking by lowering the overall stress 
levels.
5 .8 .1  MESH GENERATION
Thick partially stabilised Zirconia coatings generally develop micro 
cracks running vertically through the coating. This cracking develops 
at right angles to the predominant stress. A series of finite element 
models have been used to study the way in which these cracks alter 
the stress distribution within the coatings. In this analysis a series 
of vertical cracks have been introduced into a 1mm PSZ coating at 
regular intervals. This coating Is attached to a 10mm thick base, 
via an intermediate layer. Although these cracks will in reality follow 
grain boundaries and so not be exactly vertical, the predominant 
stress parallel with the surface will ensure that the general direction 
is vertical.
5.8.2 STRESS PATTERNS IN MICRO CRACKED COATINGS
A series of finite element models have been created with regular 
crack spacing of 1 /4 . 1 /2  and 1mm. The substrate used is cast 
iron. So that the resulting stress fields can be interpreted, a crack 
free sample has been analysed as a datum. Figures 5.16 to 5 .22  
show the finite element Isotherm and isostress plots produced for a 
few of these crack free examples, conditions used on either side of 
the specimen are shown on figure 5. 16. The sides of coating 
section are adiabatic surfaces, the isotherms are therefore parallel 
to the gas surfaces. The maximum temperature in the Zirconia Is 
618°C with a temperature drop of approximately 105°C across the 
1mm of insulator. The graphical output prepared by ANSYS shows 
the maximum and minimum levels of stress or temperature using the 
labels MX or MN. Lines of zero stress are shown using a broken 
isotress line. Deflections are also shown, the plotting routine used 
magnifies the calculated deflection so they are always drawn as a
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fixed percentage of the overall component size. This can be 
confusing as small distortions are shown as about 5% of the 
specimen size. Figure 5. 17 and 5. 18 show the stresses in the x and 
y directions respectively. The dominant stresses are those parallel 
to the ceramlc-metal Interface (x ). by comparison the perpendicular 
stresses (y) can be ignored. These finite element studies represent 
a slice from a larger specimen, hence edge effects are of little 
importance, the center line stesses are of most interest. In addition 
the edge of the ceramic coating can be feathered, the end effects 
will therefore be minimised. The maximum tensile stress in the 
ceramic is 340 MPa whilst the compressive stress is 130 MPa. The 
metallic base is subject to a peak compressive loading of 250 MPa. 
These loadings are sufficient to cause the coatings to fail.
Inherant in all finite element work is the idea that a component has 
a stress free condition. This is generally taken to be at room 
temperature, any change in temperature away from this condition will 
give rise to stresses. In PSZ coatings this is unlikely to be true, an 
attempt to represent the residual stresses present at room 
temperature has been made In chapter 6 . However, here a simplified 
analysis has been used to represent the presence of these residual 
stresses when using the finite element results.
The remaining crack free samples shown In figures 5.19 to 5.22  
show the effect of increasing the temperature at which the sample is 
assumed to be stress free from 20WC to 420°C. The assumption 
that there exists a stress free temperature Is likely to produce 
inaccuracies, but some simplifying assumption must be made and the 
anslysis shows the general effect of altering the temperature at which 
spraying occurs. Figures 5 .19 and 5 .20 show appreciable 
reductions in stresses over those shown in 5.17 and 5.18 under 
identical gas conditions. The stresses in the base are reduced to 
a very low level, whilst the tensile loading in the coating has been 
lowered by 210 MPa. The stresses ax parallel to the interface are
still dominant. The problem with this method of reducing the
stresses in the ceramic coating is that residual stresses are
developed in the specimen. These are shown in figure 5.21.
corresponding to a room temperature of 20°C. The stresses shown
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are higher than those at the operating conditions. The coating 
develops a compressive loading at the interface, whilst the base is 
in tension, this configuration will probably lead to yielding in the 
base, negating the effect of raising the temperature during spraying. 
A temperature for plasma spraying must be chosen such that this 
yielding will not occur. The finite element model has therefore been 
used with different datum temperatures, these are summarised in 
figure 5 .22 . A condition can therefore be chosen from this graph 
to minimise the stresses derived in the coating. However, even after 
this process the stesses are still sufficient to cause micro cracking 
of the sample.
The remaining figures from 5 .23 to 5.32 show the effect of 
introducing vertical cracks into the ceramic material. It has been 
assumed that the inside surfaces of the cracks are adiabatic; this will 
be valid if the surfaces forming the crack do not separate far enough 
to allow a free movement of gases. Figure 5.23 shows the 
temperature distribution in a 1mm coating with 1mm spaced cracks. 
The isotherms are again parallel with the gas surfaces, the peak 
temperatures are the same as in the datum example in figure 5.16. 
Figure 5 .24 shows the stress in the x direction, while 5.26 show that 
in the y direction; figures 5 .25  and 5.27 show close ups of these 
two stress patterns. The peak tensile stress developed in the ceramic 
at the interface has been reduced by approximately 15%, whilst the 
compressive loading present in the upper section of the ceramic has 
been removed by the introduction of the cracks. The large number 
of broken contours shown in the metallic base are the zero isostress 
lines, and only serve to show that the bulk of the material in this 
configuration is almost stress free. The higher levels of a- 
recorded at the crack tip would either lead to yielding of the metal 
in this region or the development of the crack into the base. The 
stress ax is still high in this example, and a higher crack density 
would be certain to occur than is represented by this example. The 
level of micro cracking that arises will be that necessary to reduce 
the stress levels to below the breaking stress for the ceramic.
Further finite element models were created using different crack 
spacing in each case, the results are summarised in table 5 .1 .
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This crack spacing was varied from 1mm to l/4m m . To reduce the 
computer run time each model studied used only the width taken up 
by four cracks. The model used for the l/4m m  case is therefore 
only 1.25mm wide. Three different datum crack free models had to 
be created for comparison to predict the stresses in a crack free 
sample. The table shows the maximum stresses developed in the 
coating and the base, in both the cracked and crack free conditions. 
The percentage reduction in stress levels caused by the micro 
cracking is also shown. Appreciable reductions in the tensile loading 
in the ceramic occur with fine crack spacing. However, to reduce 
the stress level to that which the ceramic can survive the crack 
spacing will be very small in relation to the depth of ceramic. If 
these cracks propagated all the way through the ceramic they would 
inevitably link up and cause separation of coating and base. 
However, it should be noted that even when coarse crack spacing is 
used the stresses in the upper part of the coating are very low. 
Chapter 6 examines the residual stresses present in sprayed 
coatings. Both empirical and theoretical data suggests the bottom 
part of the coating contains a residual compressive stress. It is
therefore possible that the high crack density proposed at the 
boundary to reduce the stresses is not necessary. The stresses in 
the bulk of the material can be satisfactorily relieved through a low 
crack density. This is substantiated by figure 5.28. which shows 
vertical cracks developing in a zirconia coating, but not as far as the 
ceramic-metal boundary.
A long life coating will be one in which these vertical cracks occur 
regularly. If too many develop in a single region they will link up 
and the coating will fail. A large number of crack initiation sites 
along the interface may therefore be desirable. Normally the micro 
cracking distribution which arises during the coating formation and 
the first thermal cycle must be accepted. But if the initial thermal 
cycle is controlled a better distribution of micro cracks may be 
achievable. There are other methods which may facilitate the
formation of desirable micro crack distributions.
The zirconia coating could be formed in two stages, firstly a thin
layer of PSZ could be applied. This component could then be heat
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treated to promote a high level of micro cracking. This first thermal 
cycle could be quite severe as coating separation with thinner layers 
is unlikely. Subsequently the remainder of the PSZ coating could be 
applied. The high density of small micro cracks produced in the 
original coating should sufficiently reduce the stress at the boundary 
to limit the number of through cracks which develop. Similarly 
sufficient nucleation sites would be provided for these through cracks 
to ensure a uniform distribution rather than merely being 
concentrated in regions where flaws are present.
By using a high level of porosity In the zirconia adjacent to the 
interface a large number of crack initiation sites will be provided.
The analysis of thin coating sections was continued, examining the
effect of using elevated teperatures for the base during plasma
spraying. Figures 5.29 to 5 .32  show the effect of raising this base
temperature to 220°C. The finite element method assumes that at
this temperature the component is stress free. The stress patterns
shown in figures 5.29 and 5 .30  arise when the coating sample is
subject to the same gas conditions as in the previous examples. The
stress patterns are the same form as before, except that the peak
stress ax is reduced from 292MPa to 182MPa. a reduction of 38%.
A similar level of stress reduction is observed in tension and
compression in both the x and y directions. The residual stresses
present in the material are shown in figures 5.31 and 5.32. The
stress levels arising in the micro cracked sample are close to those
in the crack free section. The combined effect of introducing 1mm
microcracks and raising the base temperature to 220°C reduces the
peak ox value from 343MPa in the datum crack free sample to
182MPa. Increasing the spray temperature to 420°C further
reduces the stress levels, but the residual stresses become too
large. This is shown in table 5 .2  which contains the maximum
stresses in the coating, a  and a  . Tables 5 .3  and 5 .4  show thex y
stresses occurring with 1 /2  and 1/4mm crack distributions 
respectively. The residual stresses change only minimally with the 
crack density, while the operating stresses are further reduced. 
With a 1/4mm crack density and a 420°C stress free temperature
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the stress level ax is reduced by 85% from its datum. The residual 
stresses in the base would cause creep under these conditions. 
However at a more realistic residual stress level the stresses in the 
coating can still be reduced by 60% with 1 /4 mm crack spacing.
5 .9  PARTIALLY STABILISED ZIRCONIA COATED PISTON
Two dimensional axisymmetric representations of PSZ coated pistons 
have been examined in the steady-state condition. Part pistons and 
complete pistons have been modelled, using different coating 
thicknesses, and material properties. These finite element models 
assume the coating is crack free, as the computer run time 
associated with a model of a piston complete with micro cracks would
be impractical. The stress levels predicted must therefore be
interpreted using the previous analysis which examined the effects of 
micro cracking. Despite this the following finite element results can 
be of considerable use for the purpose of comparison and the 
examination of general trends.
As was shown in chapter four, accurate results can only be achieved 
with accurate material property data. Unfortunately the PSZ samples 
used for property determination are generally micro crack free.
Materials with a high level of micro cracking have very different
properties from a fully dense structure. The measured value of
Young's Modulus in a micro cracked sample can be an order of
magnitude lower than that given in published data. It is also
expected that the rate of micro cracking is dependent on the stress 
distribution, and hence on the geometry of the component. 
Therefore the material properties cannot be considered as constant 
but dependent on the component they will be sprayed onto. In
addition it should be recognised that there are two types of property, 
an average value taken for large material samples, including many 
micro cracks and flaws, and a local value for the small volumes 
between these flaws. Which of these two values should be used in
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a particular finite element model depends on what part of the 
structure is being considered.
i) If the stress distribution in the metal piston body away from 
the coatlng-metal interface is of interest, then the average 
material property data should be used. This will produce 
accurate levels of distortion in the piston body, and hence also 
of stresses. However at the boundary the localised effects will 
be dominant and the stress levels predicted will be highly 
inaccurate.
ii) Using the localised values of material properties the analysis 
gives the stress values that would occur without micro cracking. 
Where the predicted stresses are above the fracture strength of 
the material micro cracking will develop until the stresses are 
sufficiently reduced. This type of analysis therefore shows 
where high levels of micro cracking occur, and hence where 
failure is most likely. Multiple computer runs can be used to 
indicate how these stress concentrations can be minimised.
5 .9 .1  SIMPLIFIED FINITE ELEMENT MODELS OF PISTONS
Simplified piston models were analysed to establish general trends in 
the way ceramic coated pistons behave. A piston crown. 86mm 
diameter, with a bowl diameter of 40mm was used, as shown in 
figure 5.33. The bowl lip incorporates a radius, and the coating is 
feathered on the outer edge. The thermal boundary conditions shown 
were given by an inhouse program called CSP when modelling a 
turbocharged partially insulated engine. As a result of the geometry 
of the component, and the steepness of the stress gradients a very 
fine mesh structure had to be used incorporating 1652 elements. This 
level of complexity resulted in a total computer run time of around 
3000 CPU seconds on the VAX 11/750 computer. Total computer run 
time for the two dimensional axi-symmetric study outlined here was 
around 200.000 CPU seconds.
There are eight main cases studied using this simplified 
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Two values for thermal conductivity of the PSZ layer were used as it 
is possible to vary the porosity by changing the variables In the 
plasma spraying process. All other material properties were fixed.
Property Aluminium Steel PSZ
Thermal conductivity 202 46 1 & 2 W/mK
Poisson's ratio 0. 3 0 .3 0.23
Young's Modulus 70 200 300 GPa
Thermal expansion 23 14 10 xlO6
The eight material/thickness combinations each have their own 
temperature distribution, two of these are shown in figures 5 .34  and 
5.35. In all cases the maximum temperature occurs at the bowl lip. 
with the isotherms in the coating closely spaced and roughly parallel 
to the surface. The temperature drop across the ceramic varies from 
100 to 200 K/mm. The highest temperature gradients occur with the 
aluminium base, the lowest with the steel. As discussed In chapter 
four, thermal stresses arise from two sources, thermal expansion 
mismatch and because of the temperature gradient. The stresses 
that arise in the aluminium based piston crown should be higher than 
in the steel substrate because the temperature gradient within the 
ceramic is steeper, and because of the larger thermal mismatch. 
The isotherms in the steel substrate are spaced at approx 7K/mm and
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in the aluminium at 1.5K/m m. The piston crowns made from a steel 
substrate have a peak temperature about 30°C higher than those 
with aluminium.
5 .9 .1 a  ONE MILLIMETER PSZ COATINGS ON STEEL
The coating/base combinations shown in the two isotherm plots are
further examined in figures 5 .36  to 5.41. Figures 5.36 to 5.38 cover
the case of a 1mm PSZ coating, thermal conductivity 2W/mK on a
steel piston crown. The broken lines indicate zero isostress lines,
the isostress spacing is 50MPa. The coating is in tension through its
entire volume, with the maximum values of a . a and r  (radialx y xy
stress, axial stress and shear stress) occuring at the bowl lip. The
flat portion of the piston crown has isostress lines parallel to the
surface, whilst the bowl does not. This arises since the stresses
plotted are a  . and o and not the stress normal to thex y
ceramic-metal interface which would show parallel isostress lines 
throughout the coating. Figure 5.39 shows this effect with o  ^
reaching a minimum where a  is at its maximum. The effect of
changing the radius at the bowl lip is therefore of interest, and in
section 5. 10 different lip radii have been studied.
The value for thermal conductivity of solid PSZ is generally given as 
about 2W/mK. however, the high level of porosity present in the 
sprayed coatings adds further insulation, reducing the conductivity to 
around IW /mK. The effect of these pores can be represented by 
using the bulk property of IW /m K in the finite element analysis, as 
shown in figure 5.40. Region A has closely spaced isotherms due 
to the low conductivity. Region B however has widely spaced
isotherms even though the conductivity is low this arises since the 
heat flow through the gap between the pores is low. The average 
temperature gradient in both cases is identical, but with the sprayed
coating the gradient will not be constant. This in turn leads to local
variations in the stress field through the layer, but a value of IW /mK  
will give the correct mismatch error between coating and substrate. 
However an allowance must be made for the fact that additional 
localised stress concentrations will occur due to the corner effects of 
each pore.
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Figure 5.41 examines the same piston crown as above but using a 
thermal conductivity of IW /mK for the PSZ instead of 2W/mK. There 
are two types of stress present in these coatings, arising from 
expansion mismatch and a temperature gradient. The expansion 
mismatch producing a mainly tensile loading while the temperature 
gradient can give both compressive and tensile stresses. The 
decrease in conductivity from 2 to IW /mK increases the temperature 
gradient, with the result that the surface layer of ceramic tries to 
expand more, but is prevented from doing so. The ceramic layer is 
therefore not uniformly in tension as before, but is in compression at 
the surface, and in tension at the interface, as shown in the plots 
of ax.
The compressive surface effect shown in the figure 5. 41 may reduce 
corrosion attack deeper into the ceramic layer as any fine surface 
cracks will be closed. Micro cracking, as mentioned before will 
reduce the tensile stresses present in the layer. However, the 
compressive load will not be lowered as effectively. The predicted 
compressive stress o% of -3 5 3 .8MPa can therefore be regarded as 
fairly accurate. A high compressive load in a porous structure will 
lead to a high tensile load at the pore corners, cracking of the 
ceramic surface could occur. A high compressive stress in the 
surface of a ceramic coating may therefore not always be desirable.
In both the above cases using 1mm PSZ coatings the compressive 
stresses predicted for the metaiic part of the crown coupled with the 
elevated temperatures will lead to slight creep. This would lead to 
a reduction in the stresses present under operating conditions, but 
a residual stress will occur at room temperature.
5 .9 .1b  TWO MILLIMETER PSZ COATINGS ON STEEL
Coating thicknesses of this depth have had greater difficulty remaining 
in contact with the substrate. However, a study of the stress levels 
predicted may lead to sufficient understanding of the processes 
Involved to make these thicker coatings a more realistic goal.
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The 2mm. 2W/mK example shows an increase In the stresses present 
in the ceramic layer over that occurring in the 1mm layer. Figures 
5.42 to 5 .44 show these stresses, the radial tensile stress a% has 
changed little from 604MPa to 566MPa. the same is true of the axial 
tensile stress a  which changes from 559MPa to 484MPa. (These 
stresses will be substantially reduced by micro cracking) The 
compressive radial stress has changed from -170MPa to -331 MPa. 
and the axial component from -50MPa to -150MPa. The change in 
stress levels produced by an increase in coating thickness is probably 
too small to expect an appreciable decrease in life. Instead the short 
lives found with thick coatings may be caused by the residual stresses 
or the increased probability of micro cracks joining up and causing 
coating failure.
The use of IW /mK ceramic rather than 2W/mK in the 1mm thick 
coating produced an increase in the compressive loadings. The 
same is true in the 2mm thick layer, as shown in figure 5. 45. The 
tensile stresses change very little with thermal conductivity, but the 
compressive radial and axial loadings have increased by over 100%. 
These stresses will not be lowered through micro cracking and could 
lead to tension failure at pore corners. The high stress levels could 
be reduced by using graded coatings. If the top coating layers have 
a lower coefficient of thermal expansion then the high compressive 
loads could be reduced in the surface. A similar effect could be 
achieved by using a high thermal expansion layer at the interface.
With both of these 2mm coating examples the stresses predicted in 
the metallic base are slightly lower than in the 1mm examples, 
however creep may still occur, but its effects will not significantly 
alter the high stress levels predicted.
5 .9 .1 c  PSZ COATINGS ON ALUMINIUM
Aluminium is the prefered material in automobile piston construction, 
mainly because of its low weight. However, the thermal expansion 
mismatch between PSZ and aluminium is 3. 25 times as great as that 
between PSZ and steel. It is Important to recognise that there are 
two types of thermal stress, that resulting from thermal expansion
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mismatch, and that derived from the presence of temperature 
gradient. The stresses in the coating on an aluminium piston are 
therefore not necessarily three times greater than that in a steel one.
Figures 5 .46 and 5 .47 show the stresses present in a 1mm PSZ 
coating on aluminium. A similar stress pattern is revealed to that in 
the steel based example. However, all the stresses are significantly 
increased. The radial tensile stress has increased by 135%. 
and the axial tensile stress Oy by 90%. This large increase in tensile 
stresses indicates that the stresses from thermal mismatch are 
greater than from the temperature gradient. (A 200% increase would 
be expected if the stresses were only derived from thermal 
mismatch.) To relieve these stresses through the use of micro 
cracking to a level that can be supported by the zirconia the crack 
density must be very fine. As seen in section 5 .8  a 1/4mm crack 
spacing lowered the tensile stress by 32%, A much finer crack 
spacing therefore needs to be developed in this case. However if the 
process of spraying at an elevated temperature is used a theoretical 
reduction in peak tensile stresses of 58% was achieved with the same 
crack spacing. For a thick coating on aluminium to have sufficient 
life for its use in an internal combustion engine to be contemplated 
then a method such as this must be used to reduce the tensile 
stresses.
Examination of a 2mm layer on aluminium shows little increase in the 
tensile loadings predicted but the surface layer of ceramic is in 
compression, these stresses can be reduced through the use of 
graded coatings.
5.10 EFFECT OF ELEVATED SUBSTRATE TEMPERATURES 
DURING COATING FORMATION
To simulate the effect of using an elevated base temperaure during 
coating formation, the temperature used by ANSYS to represent the 
stress free condition was raised. The previous piston crown examples 
were re-run with this temperature set at 200°C and 400°C. the 
results obtained are summarised in tables 5. 6 to 5. 7. Only the case
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of a 2mm PSZ layer on steel, with k=1W/mK is shown graphicaly in 
figures 5 .48 and 5.49. The figure 5.48 shows the conditions arising 
within the normal operating environment, assuming a stress free 
temperature of 400°C. Figure 5.49 shows the residual stress 
present at room temperature assuming the same stress free 
condition. Examining figure 5.48 showing o%: the distortion
indicated by this plot is misleading, as the ANSYS package always 
displays the maximum level of distortion as a fixed percentage of 
component size, actual distortion levels are very small. The 
characteristic isostress distribution observed with the standard piston 
crown is stil present, but compressive loading of the coating has 
been increased to 1306MPa. whilst the tensile loading has lowered to 
221 MPa. Using elevated temperatures during the formation of 
coatings this thick obviously does not reduce the stresses to a 
manageable level. The use of a 2mm coating does not seem a 
realistic proposition without graded coatings. However the use of 
graded material coatings under these conditions could present 
difficulties as the residual stress levels would also be affected by their 
use. as examined in section 5. 13.
In this case with uniform material properties the residual stresses at 
room temperature, (figures 5 .48 and 5.49) show high levels of 
compressive and tensile stresses. The residual stresses predicted by 
the finite element method for the piston crown at room temperature 
show Isostress lines perpendicular to the surface, rather than parallel 
at elevated temperatures. This illustrates the two types of thermal 
stress mentioned in the last sub-section, those from the thermal 
expansion mismatch, and those from a temperature drop across the 
ceramic. The stresses present at room temperature arise only as a 
result of the thermal mismatch, while those at elevated temperatures 
also arise from the temperature drop. The stress produced by a 
temperature gradient will always be greatest at the surfaces of the 
ceramic coating, and so the Isostresses will be parallel with the 
surfaces. A different stress pattern arises from thermal mismatch. 
Figure 5. 50 examines why these stresses occur. Where the surface 
is horizontal a uniform compressive stress a f would be expected. 
When the surface is vertical a large value of compressive stress 
oa is produced. These effects combine in the piston crown to
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produce Isostress lines vertical to the coating at the centre and rim 
with
a r a maximum, while a_ is a maximum close to the bowl lip. These r ci
patterns are confirmed by the finite element analysis.
Tables 5 .5  to 5 .6  show the peak stresses recorded in 1mm and 2mm 
thick PSZ coatings, all with k=1W/mK. The first row in each tabie 
shows the stress arising in the piston crown under normal operating 
conditions if it is assumed to be stress free at 20°C. The second 
and third rows show these operational stresses if the stress free 
condition is 200°C and 400°C respectively, corresponding to an 
increase in the base temperature during coating formation of the 
same level. The next two rows show the residual stresses present at 
room temperature, ie 20°C. for the 200°C and 400°C stress free 
conditions. Table 5 .5  shows a steady reduction in the maximum 
tensile stresses developed In a 1mm coating under normal operating 
conditions as the stress free temperature is raised. This is 
accompanied by an increase in the compressive stress. Both the 
tensile and compressive loadings at room temperature increase. 
There are two ways in which such information can be useful;
i) If graded material properties are to be used this analysis 
provides an indication as to the depth, and properties desired 
in various parts of the coating, either for the purpose of further 
theoretical analysis, or for setting the spray parameters during 
coating formation without this more detailed study.
ii) The maximum compressive stress the coating can withstand 
both at room temperature, and for the shorter time it will be at 
the operating condition should be assessed experimentally. The 
tabulated results can then be used to give a temperature for 
spraying at which this stress is achieved. The tensile loads at 
this condition will be the minimum that can be attained 
practically.
Table 5. 6 for a 2mm coating shows the same pattern of behaviour as 
that in table 5 .5 . except that the tensile stress levels cannot be 
reduced as significantly as in the 1mm case. The use of a 400°C
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elevated temperature Is the example examined previously and shown 
in figures 5. 48 and 5. 49.
5.11 EFFECT OF BOWL UP RADIUS
The finite element models of the piston crown examined so far all 
possess a bow! lip radius of 6mm. the maximum stresses invariably 
occurring around this lip. The finite element grids previously used 
were therefore repeated using 4mm and 8mm radi at the bowl tip. 
These models were then studied with 1mm and 2mm thick PSZ 
coatings, using thermal conductivities of 1 and 2W/mK. These form 
a total of 12 different finite element models, the associated graphical 
output is not shown, but the peak stresses are recorded on tables 
5 .7  through 5.10. Where 1mm thick coatings are used the effect of 
these alterations represent a change of less than 2% of the peak 
stress. In the case of 2mm coatings the change is around 6%. The 
stress concentration occuring at the bowl lip seems to result purely 
from the change in direction of the coating, and not from the 
distance over which this is achieved. There seems no easy way of 
relieving this particular stress concentration.
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5 .12  AXI-SYMMETRIC REPRESENTATION OF A COMPLETE PISTON
The previous finite element study of a piston crown, was intended to 
establish basic behavioural trends. For a theoretical study to be of 
use cause and effect must be linked. This is not easy in a complex 
structure, where a stress concentration can arise as a result of 
several design features, so a simplified piston model was used. 
Having established a few Identifiable stress patterns and their 
causes. It is now realistic to study a more complete piston model. 
The complete axi-symmetric model shown in figure 5. 51 of a coated 
piston was therefore developed. The dimensions chosen were close 
to those used in the Petter PH1W engine, diameter 87mm. length 
106mm. with a bowl diameter of 25mm. A 6mm bowl lip was used 
and the ceramic coating feathered on the outer edge. The thermal 
boundary conditions used are shown. The mechanical boundary 
conditions used In this case are more realistic than in the simplified 
model, as only one node needs to be fixed to prevent rigid body 
motion. The crown model fixed the bottom plane in the axial but not 
radial direction, as shown in figure 5. 52. As in the previous analysis 
this model has been run with different material specifications, and 
coating thicknesses, ie;










The isotherm distribution for two of these cases is shown in figure 
5.53 and 5.54. Similar peak temperatures are recorded in the 
examples listed above, as with the piston crown equivalents examined 
earlier. The temperature distributions developed in the metal bases 
are also similar to their simplified counterparts. The thermal
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boundary conditions chosen in the piston crown study are therefore 
compatible with those used in the full piston analysis. The peak 
temperature again occurs at the bowl lip with closely spaced 
isotherms. The temperature gradient is steepest with the low thermal 
conductivity coatings, and where aluminium Is used as a base 
material.
A steel piston with a 1mm coating of IW /mK PSZ is examined in 
figures 5 .55  and 5 .56 . As the coating is relatively thin compared 
with the piston size little detail of the stress patterns can be seen in 
the main plot. The windowing facility on ANSYS has therefore been 
used to show the isostress lines at the bowl base, and lip. Figure 
5. 55 shows the stresses derived using an identical material/thickness 
combination to the idealised crown in figure 5.41. The radial stress 
levels in both cases are similar ax=558/-460MPa in the piston and 
583/-352MPa in the crown, the largest discrepancy occurring in the 
centre of the bowl, the smallest at the pistons plateau. This is 
because the mechanical boundary conditions used with the piston 
crown are at their least appropriate under the bowl, as in the 
complete piston the thinner metal section at this point is able to 
deform slightly, as in figure 5. 52. The loading shown in the piston 
body Is mainly compressive, up to 260MPa, at the radius Joining 
bowl and the side of the piston.
The difference in stress levels accompanying a change in substrate 
material from steel to aluminium Is shown in tables 5. 12 and 5. 13 
for 1mm PSZ coatings, and 5 .15  and 5. 16 for 2mm coatings. In all 
cases thetensile stresses are approximately doubled, although the 
compressive stresses are reduced. The 1mm, IW /mK PSZ coating is 
also shown on an aluminium piston body in figure 5. 57. A very high 
tensile stress is again recorded in the coating which will result in a 
very high level of microcracking with the associated high probability 
of failure. Summarising, there are two main methods which can be 
used to reduce this stress level;
i) By increasing the number and regularity of micro cracks.
Such as the use of heat treatment to create a cracked sublayer
of PSZ, with subsequent spraying of a fully dense upper layer.
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ii) By using a raised substrate temperature during coating 
formation the tensile stresses may be reduced, at the expense 
of creating a high compressive surface loading. The effect of 
increasing substrate temperature to 200°C is shown in table
5.11 and 5 .14  for 1mm and 2mm coatings respectively. A 
reduction of approximately 40% in tensile stress is achievable.
These two methods can be used with both aluminium and steel based 
pistons, although the stress levels encountered in the case of steel 
are not so severe. The effect of increasing the stress free 
temperature too 200°C in a 1mm. IW /m K coated steel piston is 
shown In figures 5. 58 to 5. 59. The stresses arising under normal 
operating conditions are shown in the first figure. This represents an 
attainable ceramic coating, if the above stress minimising techniques 
are used. The residual stresses in figure 5. 59 are also low enough 
to be acceptable. Again there is little difference in the stress levels 
and patterns arising in this more complex piston model than the 
simplified piston bowl study discussed earlier.
5. 13. EFFECT OF GRADED MATERIAL PROPERTIES
The stresses arising in ceramic coatings occur for two reasons, the 
difference in thermal expansion between coating and substrate, and 
the temperature gradient created by thermal conductivity. It would 
seem that the closer the properties of the ceramic and metal coincide 
the lower the stress levels will be. This, however, is an over 
simplification, for as already has been noticed thick ceramic 
coatings, and ceramic coatings where a raised base temperature has 
been used during plasma spraying can develop compressive stresses 
In the upper part of the coating. The use of a ceramic with a lower 
coefficient of thermal expansion in this upper layer could reduce, or 
eliminate this compressive stress. A similar effect can be achieved 
by using a ceramic with increased conductivity in the top layer of the 
coating. This will reduce the temperature gradient in the ceramic, 
and hence lower the stress levels.
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The finite element mesh describing a piston crown has been further 
developed so that a graded coating can be included in the analysis. 
Two cases have been examined, the first using a 2mm PSZ layer on 
a steel substrate, the second using a 1mm, PSZ layer on an 
aluminium substrate. Different property distributions have been 
examined, yielding a total of six finite element studies.
The first example Involves a 2mm coating on steel. A coating with a 
variable coefficient of thermal expansion is used, ranging from 5e-6  
at the gas surface to 10e-6  at the interface, using a linear variation 
with depth. As a comparison the same example was studied using 
a constant thermal expansion of lO e-6 . this was shown in figure 
5.45. The stresses arising within this new graded coating are shown 
in figures 5 .60  to 5. 62. A significant reduction in the compressive 
stresses has occurred, the radial stress ctx has reduced from 
-790MPa to -163MPa, similarly the compressive axial stress Is 
reduced from -516MPa to -116MPa. This change was expected, as 
the compressive region in the top part of the coating can be relieved 
by using low expansivity materials. In addition the tensile stresses 
have been reduced. ox is reduced from 568MPa to 423MPa, while 
C7y is reduced from 500MPa to 374MPa. The coating is now in tension 
throughout Its volume, the maximum tensile stress occuring at the 
edges of the ceramic, with the mimimum at the centre. Using 
graduated material properties a coating depth of 2mm is no longer 
theoretically impossible to achieve. But further stress reductions may 
be achievable if the effects of graduated properties are combined with 
the effects of using an elevated substrate temperature during coating 
formation. This analysis indicates that the high thermal expansion of 
zirconia Is not necessarily an advantage. A ceramic with a lower 
expansion when used as a graded coating can develop lower 
stresses.
The same finite element analysis was repeated but assuming a stress 
free temperature of 200°C . corresponding to a substrate temperature 
of 200°C during coating formation. The stresses arising in this case 
are shown in figures 5. 63 and 5. 64. As in previous examples this 
has reduced the tensile stresses, whilst increasing the compressive. 
The peak tensile stress is now 255MPa. the peak compressive
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-242MPa. This represents a further improvement in the original 
stress levels of 568 and -780MPa. Difficulties arise when the 
residual stresses are examined; large compressive stresses have 
been developed In the coating surface, the radial stress peak is 
-409MPa. These stress levels are clearly undesirable in a 
component that will be left in this condition for most of the time. A 
further reduction in the coefficient of thermal expansion at the surface 
would alleviate this problem.
Similar reductions in compressive stress can be achieved through the 
use of high thermal conductivity layers in the top part of the ceramic 
layer. This effect has been examined using the previous finite 
element model, but taking a variation in K from 2W/mK In the surface 
to IW /mK at the interface. This produces unequal spacing in the 
Isotherms, as shown in figure 5. 65. Its effect on the stress levels 
however is less than with a change in thermal expansion, the radial 
stresses ox have changed from peaks of 568/-790MPa to 
378/-778MPa while a  Is changed from 500/-778MPa to 
343/-468MPa. These stresses are shown in figures 5 .66  and 5.67. 
Although most of the coating is subject to a low stress gradient the 
bottom 0 . 5mm develops very steep stress gradients.
By optimising the formation temperature and the coefficent of thermal 
expansion it is clear that very large reductions in the stress levels 
can be achieved. With careful management the stresses given 
theoretically can be set so that coatings of 2mm are theoretically 
possible. However, the residual stresses set up during the formation 
are likely to be greatest with these thick coatings, and a theoretical 
study can only roughly indicate the route that should be taken.
Further finite element work examining graded coatings has shown that 
the Introduction of a coating structure which would 'Intuitively' be 
expected to reduce stress levels, can have the opposite effect. 
Under certain circumstances an exact matching of the coefficients of 
thermal expansion at the interface can produce an increase in stress 
levels over the values produced with uniform coating properties.
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5 . 1 4  F IN ITE  ELEM ENT ANALYSIS OF CERAM IC MONOLITHS
Two dimensional axisymmetric and three dimensional models have 
been used in the study of ceramic monoliths.
In common with the examination of coatings the main difficulty 
arising with this F. E. analysis is the representation of the methods 
used to attach the ceramic to the engine structure. In the case of 
monoliths these problems are at their worst when contact stresses 
between two components need to be calculated. These problems are 
Increased because most potential ceramic materials have very low 
coefficients of thermal expansion, hence large shrink fits are needed, 
leading to high stresses.
To represent the performance of a monolith accurately there are two 
difficult areas which must be modelled.
I) The contact stress between components. It will often be necessary 
to incorporate a shrink fit Into the analysis. Special elements are 
available for this purpose in finite element packages. A further area 
needing numerical analysis is the level to which mating surfaces can 
slip, to achieve this an accurate measure of the friction between the 
surfaces must be achieved.
ii) If an air gap is included (even if only the trapped layer between 
mating surfaces) Its insulatlve properties must be included. For high 
accuracy radiative heat transfer should be represented, as this will 
significantly affect the insulatlve ability. The emissivity of these 
surfaces are likely to change during their working life due to 
deposition of soot.
At the start of this work it was proposed to study a large number of 
ceramic monoliths. This programme had to be restricted because 
most of the designs envisaged could only be accurately represented 
by a full three dimensional analysis. The version of ANSYS available 
for this work was intended for research use only, and came with an 
internal trigger which prevents problems over a certain size from 
being studied. The three dimensional shapes, with shrink fitting and
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air gaps were over the size limitation, making their analysis 
impossible.
5 .1 4 ,1  MESH GENERATION
In the steady state condition the temperature and the stress gradients 
through ceramic monoliths are far lower than with coatings. The 
mesh density is therefore less critical and so computer run times are 
reduced. Element shape is still critical, and the angle between 
element boundaries must be carfuliy controlled.
Where two or more mating surfaces are used an interferance fit 
element should be used, this allows for the introduction of residual 
stresses into the ceramic component.
5 .15  SIMPLIFIED FINITE ELEMENT MODEL OF PISTON CROWN
The computer model used to represent the top portion of a piston 
crown in section 5 .9 .1  has been adapted to examine the behaviour 
of monoliths. The piston crowns studied were made from silicon 
nitride with the following properties.
Thermal conductivity 20W/mK
Thermal expansion 2. 5e-6
Young's modulus 290GPa
Poison's ratio 0. 23
Figure 5 .68  shows the isotherms produced with the boundary 
conditions taken previously, as shown in figure 5. 33. The maximum 
temperature of 577°C compares with a range from 600 to 688°C  
with the 1 and 2mm zirconia coatings studied previously. The stress 
levels developed within a monolith are highly dependent on the 
mechanical boundary conditions used. In this case the assumption 
of zero axial displacement, and free radial displacement at the 
boundary has been kept. This was found to be a good representation 
of the way a piston crown behaved in section 5 .9 . With these 
boundary conditions the stresses developed would be close to those 
observed with a complete monolithic piston. The stresses are shown
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In figure 5 .69  to 5 .71 . The maximum tensile radial stress Is lOMPa. 
and axially 54MPa. These tensile stresses are low. and certainly 
within the limits of silicon nitride. The radial stress is particularly 
low. the majority of the component being In compression. Axial 
stresses show compressive, or near zero stresses at the material
surface, this is also desirable as flaws at a material surface are likely
to cause failure if in tension. Figure 5.71 shows the principal 
stress, this has the maximum stresses occurring at the base of the 
bowl, however the plot is misleading as It fails to discriminate 
between tensile and compresive stresses.
The bowl lip develops only compressive stresses and this is helpful as 
the lip is likely to be a region where flaws are most likely to occur 
due to the difficulty of manufacture in this region.
5.15 FINITE ELEMENT MODELS WITH AN INTERFERENCE FIT
The assessment of the correct interference fit In bimaterlal structures 
is of critical importance. Not only must the tolerances insure that 
there is no separation at high temperatures, but also that the load Is 
evenly distributed at both room temperature and at the operating 
condtlon. A silicon nitride-aluminlum piston is examined in figure 
5.72 . this shows two points of stress concentrations on the
interference fit. By using the finite element analysis it should be 
possible to find a design of interference fit which requires little
modification in the hardware development stages.
An attempt has been made to model the behaviour of the sample 
holder installed in the ceramic insulation test rig. The holder is 
made from six components. The ceramic disc is held in place by 
three clamps of the type shown in figure 5 .73  and 5 .74 . These 
show the clamps in psition with the ceramic disc. A shaft locates 
into the rear of these three clamps, and a shrink fit ring fits around 
these to form a compressive load on the ceramic, as shown in figure 
5. 75.
It was initially intended to use a finite element model to establish the 
optimum shrink fit on the ring, and what taper should be used at the
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ceramics edge. Unfortunately, the problem proved too large to be 
handled by our version of ANSYS. and the desired mesh density could 
not be achieved.
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6 . 1 PREDICTION OF THE RESIDUAL STRESSES IN 
ZIRCONiA COATINGS
An examination of thick zirconia coatings generally reveals the 
presence of vertical cracking, even before they undergo thermal 
loading in an engine. Delamination can also develop between 
consecutive layers. As these imperfections significantly affect coating 
life. It is important to be able to assess why they form, and hence 
deduce the best way of maximising coating life.
With the process of plasma spraying there are many parameters 
which can be varied, including zirconia feed rate, distance between 
substrate and spray head and spray head traverse rate. At present 
these variables are set to values which experience has demonstrated 
can produce satlfactory coatings, without any real appreciation of the 
reasons for success or failure. However, as coating thickness 
Increases it has become necessary to gain a clearer understanding 
of how the variation of these parameters affects the coating. An 
attempt has therefore been made to assess theoretically the effect of 
these variables.
6 .2  THEORETICAL ASSESSMENT OF COATING BEHAVIOUR
A simplified theoretical analysis of the residual stresses in a coated 
disc, as shown in Appendix 6.1,  predicts very high stress levels. 
If we assume the substrate dimensions are unchanged by the plasma 
spraying then the stress levels present in a coated disc will simply 
be;
CTr = ATyE 
( ~\-v )
assuming axial stresses can be ignored.
Where AT is the difference between the substrates temperature and 
the temperature at which the zirconia can be assumed to behave 
elastically.
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y. E and v are the thermal expansion. Young's Modulus and 
Poisson's ratio for the zirconia coating.
A temperature of approximately 2500°C can be assumed for the end 
point of elastic properties. With these simplifications the stress 
ievels developed in the coating can be expected to be of the order 
6 . 5GPa for both steel and aluminium substrates. Although these are 
only approximate values it is evident that tension failure will occur.
The author has found little work where a satisfactory assessment of 
the residual stress distributions in ceramic coatings has been made. 
Accurate models of the temperature distribution59*60 have been 
produced, but attempts to predict the corresponding stress levels 
have made assumptions which seem to be unsound. 61,62 such as 
assuming a linear variation of stress through the coating thickness. 
Before a numerical study of these stresses can be initiated it is 
important to examine the type of phenomenon which may effect the 
stress distibution through the coating.
The processes associated with the plasma spraying of zirconia 
coatings are very complicated, and they are best examined in a 
series of simple steps, initially making a large number of 
simplifications and subsequently examining the effects of introducing 
more realistic assumptions.
Figure 6 .1 takes the case of an infinitely thick circular substrate, 
where there is no radiative or convective heat loss from the ceramic 
top surface. Edge effects are similarly ignored and it Is assumed
that the temperature and stresses in the substrate at no time rise 
above a level where plastic deformation will take place.
Zirconia coatings are built up by a series of passes with a plasma 
spray gun, each pass adding an increment of coating thickness. 
This examination is best initiated at the point where the first of these 
layers arrives at the substrate surface. Initially the zirconia layer can 
be assumed to be at a uniform temperature, above its melting point.
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whilst the substrate will be at room temperature (unless it is 
pre-heated). Similarly the component will be stress free. This 
condition is shown in the first row in the sequence of diagrams 
shown in figure 6 . 1.
The temperature of the material adjacent to the interface will be
affected first, as shown in the second row. The temperature
increase in the metal is labelled ATM and in the ceramic AT^.m c
Elastic behaviour is assumed to start oniy below a temperature 
labelled T£
Stresses are therefore developed only in the portion of the ceramic 
below T^. The stresses are. in the ceramic;
° r  =  A T c E *
( 1 - u t )
and in the substrate;
as shown.
This process continues in row three, with the stress in the coating 
and substrate increasing. The final row shows the end condition with 
a uniform temperature through the coating and substrate. The stress 
in the coating is also uniform.
a r = ATc yc Ec 
(  1 -v  )
Where ATQ is the difference in temperature between the 
plastic-elastic change over temperature T^ and the final uniform 
temperature. With an infinite substrate thickness the stress derived 
within the substrate will be infinitely small.
In figure 6 .2  the assumption that the metal temperature does not rise 
above a level where plastic deformation occurs is removed. The first 
column of diagrams sequentially shows the temperature distribution.
= A T ^  E, 
( l - v m)
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the second represents the stresses that would occur without plastic 
deformation of the base, and the third column shows the stress 
distribution with plastic deformation. Once plastic deformation takes 
place the zirconia coating will be able to contract freely towards a 
position where the net radial force is zero, ie Part of the
coating will therefore be in tension and part in compression, as 
shown in the first diagram in the third column. The stress in the 
substrate will be lost (or reduced) due to plastic deformation. This 
process will continue until the temperature in the substrate once 
again drops below the plastic limit. From this time onwards, in row 
three, the radial stress distribution will not be in equilibrium. The 
temperature drop indicated. ATQ. will cause an increase in radial 
stress above the equilibrium condition indicated in row three. 
Consequently the compressive component of stress in the coating will 
be reduced. Although it is possible that part of the zirconia layer 
will remain in compression the net radial force will be tensile.
During plasma spraying convective cooling of the top surface is 
used, as this has been found to Improve coating performance. The 
consequence of this cooling is examined in figure 6.3.  which also 
allows for plastic deformation of the base, but still assumes an 
infinitely thick substrate. The first column of diagrams shows the 
temperature distribution whilst the second plots the stress distribution 
derived In figure 6 .2 , where an adiabatic upper surface was 
assumed. The third column shows the additional effect of convective 
cooling. Initially the consequence of the convective cooling will be 
small in relation to the high heat transfer through the interface. But 
as the temperature difference between the substrate and coating 
reduces, the heat convection from the coating will become 
significant. This change becomes evident in the second row of 
diagrams, where the compressive stress will be reduced and hence 
a different equilibrium condition is reached. Once the elastic-plastic 
transformation temperature is reached in the substrate, as in row 
three then radial equilibrium will no longer apply, and a condition 
similar to that shown in row four will be reached. Tensile stresses 
will exist at the top surface and interface, with a compressive 
component centrally. The net radial force will still be tensile.
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In practice the assumption that the substrate will not deform may be 
invalid, consequently the behaviour of a coating on a thin substrate 
Is examined in figure 6 . 4. The second column shows the stresses 
arrising without component deformation, whilst the third demonstrates 
the effect introduced as a result of deformation. Initially the heat 
transfer will affect only a small region of the substrate, and 
deformation of the thin plate will not take place. However after the 
first time Increment the substrate will have deformed in the manner 
shown. This will make little difference to the radial stress levels in 
the coating, as radial equilibrium will still be satisfied, but a 
compressive stress will be developed in the substrate. Once the 
substrate temperature returns to normal the component will resume 
its initial shape, this process will introduce a compressive stress in 
the coating as shown.
On subsequent coating passes the stresses built up will be different
to that in the first layer, due to the insulating effect of the first
ceramic layer. These stresses are shown in figure 6 . 5. The initial
conditions are shown in the first row. with residual stresses still
present in the first layer. Subsequently the heat input will diffuse 
through the structure. However, due to the insulating effect of the 
first zirconia layer the substrate will not reach as high a temperature 
as it did during the first pass. This is because the rate of heat flow 
into the metal will be reduced. Consequently more time Is available 
to conduct the heat through the structure before high temperatures 
can be developed. In this case it is less likely that the temperature 
will rise above the plastic-elastic region.
During the transient the compressive stress in the second layer will 
be decreased by;
a,r AT. 7 E^ c c 
( 1 -V t  )
Whilst a tensile stress will be Introduced in the top layer;
a,r
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This process will continue until a uniform temperature Is reached. 
As in the case examined in figure 6.1.  a uniform tensile stress will 
be developed in the top coating. The bottom coating layer will return 
to Its starting condition.
If the substrate deforms before the ceramics temperature drops to 
that where elastic properties dominate, then the tensile stress in the 
top layer will be reduced. However, with the effect of the insulative 
ceramic layer this is unlikely.
It is difficult to quantify the stress levels produced during coating 
formation through this theory. However, the nature of the stress 
distributions predicted in the previous analysis can be corroborated 
through experimental work; this is examined in section 6.4.
6.3 COMPUTER ASSESSMENT OF THE RESIDUAL STRESS 
DISTRIBUTIONS IN CERAMIC COATINGS
A complex study of the stress patterns present during coating 
formation was felt to be inappropriate. The number of variables 
which could not be established, or modelled accurately is too high. 
Instead a simplified study using the disc analysis program outlined in 
chapter four was used in conjunction with the program 'resid' shown 
in appendix 6 . 2. The following assumptions were made.
I) Each plasma sprayed layer was of uniform thickness, and 
applied instantaneously over the entire surface of the specimen.
ii) The time allowed between the application of each layer of 
zirconia was sufficient to allow a linear temperature distribution 
to be established.
iii) Convective cooling/heating of the front face was Ignored.
iv) There was no plastic deformation within the substrate.
v) Elastic deformation of the substrate is prevented, this 
simplification corresponds to that of using an Infinately thick 
plate.
These simplifications are those that were examined in figure 6.1.
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The analysis used the following constants;
Melting point of zirconia 





The temperature for the elastic-plastic transformation T^ was varied 
from 2500°C to 2000°C. Above this temperature the ability of the 
ceramic to hold a stress was assumed to be negligible.
Typical properties were chosen for the steel substrate and zirconia 
coating.
Figures 6 .6  to 6 .8  show the temperature and stress distributions 
derived during the formation of the first zirconia layer, assuming a 
elastic-plastic change over temperature. T^ of 2000°C. The
temperature distribution is shown in figure 6 . 6 . decaying from a 
constant 3000°C in the coating. A temperature plateau is reached 
at 2700°C. This arises as the latent heat of fusion must be drawn 
from the material at this temperature. The maximum temperature 
occurring in the substrate is 450°C. ( A similar temperature was
reached in the case of aluminium, and this would be more than
sufficient to cause yielding )
The radial stress distribution is shown in figure 6 . 7. with the stress 
converging towards a constant value of 4 .7GPa (tension). At no 
point are compressive stresses produced in the coating. Figure 6 . 8  
indicates the axial stresses, which are ail of a low level.
The previous analysis was repeated with T^ of 2500°C. the residual 
stress distribution is shown in figure 6 .9 . In this case the stress 
levels converge to a value of 6GPa, without changing the
characteristics of the curves.
The effect of applying a second layer of zirconia is demonstrated in 
figures 6.10 and 6.11. The rate at which the heat is transferred to 
the substrate is much lower than in the previous example, and
conseqently the maximum temperature reached is 350°C. the
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yielding in the substrate will consequently be lowered, or eliminated. 
The radial stresses again reach a peak in the steady state.
6 .4  COMPARISON WITH EMPIRICAL DATA
The Material Science Department at Bath Unlverity have carried out 
a series of tests to establish the effect of changing the spraying 
parameters on the residual stress levels. In these tests most of the 
spraying parameters have been kept constant, changing only plasma 
gun traverse rate, gun-substrate separation and the material feed 
rate. The substrate size used for these trials was 100 x 25 x 3mm 
thick.
To establish the residual stress levels developed in the coating, the 
zirconia is separated from the substrate. This is achieved by 
dissolving the substrate in an acid which does not affect the ceramic. 
The length of the ceramic strip when attached to the substrate, and 
its free length can be used together with its curvature to establish the 
mean stress distribution, as in figure 6 . 12. This data can therefore 
be used to check the validity of the model described earlier in this 
chapter.
The effects of changing the spraying parameters and substrate 
materials are best discussed separately.
i) General stress distribution through coating: When the substrate is
dissolved leaving coating and bond layer, the coating is observed to 
bend away from the substrate and increase in length. This behaviour 
Indicates that the coating had a net compressive loading, with the 
lowest compressive (perhaps tensile) loading present in the bond 
coat or adjacent ceramic layer. When the bond coat is subsequently 
removed there Is a further expansion in length, and the direction of 
curvature changes, this is shown in figure 6.13.
Both of these characteristics are in agreement with the model 
proposed. As was seen In figure 6 .4 , a tensile stress should be 
developed in the bond coat. Once this bond coat has been removed 
then the stress distribution proposed in figure 6.5.  (both compressive
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and tensile layers) causes the change In the direction of curvature 
observed.
However, as a net expansion in length is observed, then compressive 
stresses must dominate the ceramic when it is still attached to the 
substrate. This suggests that a high degree of curvature is exhibited 
by the specimen during the elastic-plastic change over period. Once 
this specimen has cooled a net compressive stress will therefore be 
introduced. The effect of this curvature will be greatest in thin 
substrates as they will deform most. Spraying onto a piston crown 
would not produce such large curvatures and so compressive stresses 
may not dominate the stress distribution in a more realistic 
application.
ii) Varying spray gun-substrate separation: Figure 6.14 shows that 
the curvature increases (radius increases), with spray distance. As 
curvature increases the difference in stress levels between the top 
and bottom of the coating reduces.
This behaviour is to be expected as a decrease in distance between 
spray gun and target will increase the local heat transfer. This will 
be accompanied by an Increase in local substrate temperature, and 
hence depth to which plastic deformation will occur. Under this 
condition the behaviour indicated in figure 6.4.  will be exhibited: with 
a compressive lower layer of ceramic and a tensile upper region, 
causing higher curvature. As the spray gap is Increased the ability 
of the substrate to yield and redistribute the stresses will be lestened. 
and the compressive first layer will not develop, the level of curvature 
will therefore be reduced.
iii) Variation in the gun traverse rate: To maintain a uniform coating 
thickness throughout the test samples the number of passes was 
increased. As the travel rate is increased the radius of curvature is 
observed to increase to a maximum value, as in figure 6.15.  This 
behaviour occurs for similar reasons to ii) above: an increase in 
traverse rate leads to a reduction in local heat flow, and a reduction 
in the plastic deformation, hence a reduction in the stress gradient 
and curvature.
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The decrease in curvature shown with higher spray rates is likely to 
be caused by the Increased number of passes made by the spray 
gun, which was used to maintain uniform thickness throughout this 
test. The stress distribution proposed in figure 6 .4 . would explain 
this behaviour. The first ceramic layer will be in compression, the 
rest in tension, therefore the more passes made the less effect the 
first layer will have on the coatings behaviour, thus decreasing the 
radius of curvature.
iv) Effect of different substrate materials: Constant spray rates,
speeds and distances were maintained for three substrate materials 
aluminium, copper and mild steel. The sprayed layer on mild steel 
exhibited the largest radius of curvature, the aluminium the smallest. 
Once again this can be explained in terms of the plastic behaviour of 
the substrate. The lower the melting point of the material the more 
plastic deformation will take place, maximising the stress gradient, 
and hence reducing the radius of curvature.
This work indicates the validity of the assumptions made in the 
analysis. However, sever, ai further points should be made
a) The substrates used by Materials Science were thin, easily 
deformed structures. Spraying onto a piston, or similar 
structure will prevent the deformation which led to the net 
compressive stresses in the ceramic layer.
b) If a bond coat is used on aluminium then the ability of the 
substrate to accommodate contractions of the coating will be 
reduced as the bond coat has a high melting point.
Despite these limitations it is obvious that several effects which occur 
during coating formation are desirable.
c) A compressive layer of zirconia next to the interface is 
beneficial as it will prevent cracks propagating to the interface, 
thus reducing access for chemical attack.
d) Pre-heating of the substrate will increase the region which
142
will undergo plastic deformation.
6 .5  MAXIMISING COATING LIFE THROUGH THE MODIFICATION 
OF RESIDUAL STRESS PATTERNS
Although this work has been unable to predict exact stress levels 
produced during coating formation seyeral conclusions can be drawn;
Experimentation with the plasma spraying process has shown that 
cooling of the front face increases coating life. Cooling of the rear 
face does not have this effect. From the theoretical analysis the 
opposite trend would be expected. Back face cooling would increase 
the deformation of the substrate, thus increasing compressive
stresses in the coating on cooling. Similarly front face cooling would
reduce the plastic deformation of the substrate, leading to higher 
tensile stresses in the coating. There are two effects which can
account for this contradiction.
I) If the front face becomes too hot chemical attack of the bond 
layer will occur during coating formation.
II) If compressive stresses are introduced throughout the 
coating few cracks will develop. This has been shown to
reduce life in an engine, as the cracks act as stress lowering 
agents as examined in chapter five.
Back face cooling in an inert atmosphere will reduce the problem of 
chemical attack of the bond coating, and may offer a possible 
method of increasing coating life.
Increasing the substrate temperature during coating formation is
another method which has been advanced to increase coating life. 
Obviously this can only be attempted in an inert environment or 
chemical attack of the bond layer will be severe. This increase of the 
substrate temperature would decrease the tensile stresses in the 
coating, as the complete component would contract during cooling. 
In addition the depth to which the substrate deforms plastically could
143
be Increased. If this were coupled with controlled front/rear face 
cooling it may be possible to maintain this plastic region throughout 
the formation of the second and subsequent coating layers, thus 
producing coatings entirely in compression.
The effects of using graded coatings would be very complex, and it 
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FIGURE 6.10 TEMPERATURE TRANSIENT PURIMG COOLIMG OF A SECOND
0.2mm SICOHIA COATIHG. (Te=2500 Cl
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7.1 CERAMIC INSULATION TEST RIG
This apparatus Is designed to mimic the temperature and pressure 
fluctuations present in a firing diesel engine, with provision for 
stationary mounting of selected insulated components. These ceramic 
components are positioned to minimise the level of secondary 
damage sustained in the event of a failure. This security makes it 
possible to assess the suitability of various ceramic materials for the 
diesel engine environment as well as judge the various methods of 
attaching the coatings and inserts to the engine structure.
In addition to providing endurance testing of ceramic materials the 
rig is intended to be used to provide data for accurate finite element 
analysis. Measurement of the temperatures and stresses will enable 




7,2 EXPERIMENTAL ASSESSMENT OF THERMAL BARRIERS IN 
DIESEL ENGINES
In the search for higher efficiency diesel engines the concept of 
thermal insulation has attracted great Interest. The high temperature 
strength and low thermal conductivity of many ceramic materials offer 
an advantage over the more traditional engineering materials. The 
laboratory measured properties of these high performance ceramics 
are such that their use in diesel engines can be contemplated. 
However It Is unclear how well these materials will perform under 
highly loaded operating conditions.
Several tests have been conducted already with ceramic components 
in firing engines, but due to the limited availability of reliable 
material property data, and limited design experience these have 
often resulted In material failure. The catastrophic nature of these 
failures prevents the quantitative assessment of the materials or 
designs used. Often little information Is gained to judge the level of 
over or under design present in a particular component 
configuration. What Is required before these trials, is a test which 
subjects a material sample to realistic thermal and pressure loadings 
but does not require the component to be a functioning, load 
carrying part of the engine. In this case the apparatus can be 
configured so that the failure of a ceramic component will not 
necessarily lead to large scale damage of the test rig. This reduces 
the level of design complexity and eases the assessment of the 
ceramic materials.
Thus there are two distinct types of test;
/
1 / To judge the material specification and Its suitability for the diesel 
engine environment.
2 / To assess the various methods of attaching the ceramic coatings 
and inserts to the engine structure, whilst monitoring the various 
ways of machining and finishing the components.
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It is important at the development stage that these areas can be 
separated, the investigation can therefore proceed in a logical and 
progressive manner as technical problems can be isolated.
Failure of ceramic components In an operational engine often results 
in a high level of secondary damage sustained by other engine 
components and the ceramic test piece Itself. Often the ceramic 
components are so badly damaged during the shut down period that 
it is impossible to diagnose the reason for failure. If ceramic 
fragments can be retained, or cracks detected during propagation 
then this secondary damage can be prevented. This will enable the 
failure mechanism to be traced back to its origin, which may arise 
from the manufacturing method, material inclusions, poor design or 
inappropriate material properties. Areas of weakness can therefore 
be identified and subsequent designs can be improved through feed 
back.
The Introduction of a test capable of placing standard test pieces in 
a realistic and repeatable thermal and mechanical environment can 
produce useful 'results. Different ceramic materials can be compared 
in a more realistic manner than by collating laboratory measured 
properties. Salvaging these test pieces free of secondary damage 
will make it possible to ascertain the extent to which the high spread 
of properties exhibited by ceramics is attributable to poor quality 
control, poor design, finishing processes or bad handling.
The environment within a firing diesel engine has extreme 
temperature and pressure peaks. In the initial stages of assessing 
the suitability of individual ceramic materials these conditions are 
likely to be too severe, the test pieces not lasting long enough to 
provide useful results. Ideally the environment should be 
controllable, and capable of being made progressively morje severe 
as the tests proceed; from small pressure and temperature ratios, 
to the levels present in a firing engine. This flexibility would allow 
designs to develop, difficulties and weak areas In the design can be 
rectified before the test piece is subject to the extreme thermal and 
pressure loadings.
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Apparatus capable of fulfilling these needs has been suggested by 
Kamo and Bryzik. 2 In their design the cylinder head of an existing 
diesel engine Is replaced by a piston retainer assembly (figure 7 .1 ) .  
which holds a stationary test piece. The engine is then cycled without 
firing, the adiabatic compression and expansion providing the 
environment required for simulating the mechanical loadings in a 
firing engine. A pressurised air supply is used for replacing air lost 
through blow-by. The use of this rig for various materials testing 
applications was discussed. However, it was recognised that this 
design could only simulate mechanical loadings and not the thermal 
loading found in diesel engines. Kamo's design has been developed 
by the author and his colleague W. Alexander at Bath to provide 
higher thermal loadings. This was achieved by maintaining the four 
stroke cycle of an existing engine, antjl heating the incoming charge 
air using an electrical heater. This configuration is shown 
schematically In figure 7. 2.
With this design the test piece can be extensively instrumented to 
monitor the temperature and stress fields which will arise within the 
ceramic test pieces. The data can be used with finite element work
to provide a detailed assessment of many ceramic components.
7 .3  LAYOUT OF CERAMIC INSULATION RIG
The ceramic insulation rig is based on a development of the Kamo 
design, shown In figure 7.2. The apparatus Is built around a 
replacement cylinder head mounted on a Petter PH1W diesel
engine. This single cylinder diesel engine has:
Bore 8 7 .3mm
Stroke 110mm
Compression ratio 16.5:1
This engine was chosen because of the reliability, and flexible
operating range exhibited by a similar model used previously for the 
adiabatic project work.
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A variety of ceramic material types and configurations can be 
mounted within the replacement head. The area reserved for the 
ceramic inserts is directly above the cylinder, providing a site 88mm 
in diameter and 25mm deep. The position of the inlet/ouitet ports 
therefore had to be changed. The only satisfactory design involved 
the use of a single side valve, positioned as in figure 7.3.  Because 
of the large trapped volume arising at T. D. C. with side valving the 
compression ratio would be too low if two poppet valves were used. 
Consequently a single valve was used, achieving a compression ratio 
of 19.5:1.
A retaining grid is incorporated immediately below the test piece to 
prevent any ceramic fragments from entering the cylinder space. 
Water cooling is provided at key positions within the head design, 
especially where high heat transfer coefficients will be encountered. 
The cylinder head design is further examined in section 7.3.
There are four sub-systems built around the replacement cylinder 
head, these are are shown In figure 7 .4  and outlined below.
1/ Air flow system. In the Kamo design the air is trapped within the 
cylinder, and a pressurised supply used to replace blow by. The 
mean gas temperature will stabilise at a point where the heat loss will 
equal the energy derived from fluid and mechanical friction. To attain 
a mean gas temperature comparable to that in a firing diesel engine 
an additional heat input is required. With the author's design this 
heat input is supplied using an external electrical heater and 
maintaining the four stroke cycle of the diesel engine, as shown in 
figure 7.2 .  As only a single poppet valve could be encorporated into 
the replacement head, it was necessary to use two reed valves to 
provide a single direction for the air flow. A closed system Is used 
to minimise the heat Input required, and to enable the apparatus to 
be pressurised to Increase the mechanical loading on the test piece. 
This is shown in figure 7.4.
2 /  Water cooling: A closed system was again used, to maintain
realistic water inlet temperatures. The heat exchanger provides a 
low temperature reservoir to an external water supply. An immersion
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heater is used to achieve steady state operating conditions quickly.
3 / Engine speed control: A three phase electrical motor
is used as a power source and a variable speed belt drive sytem 
incorporated to adjust the engine speed. This engine speed control 
is further explained in section 7. 5.
4 / Instrumentation: The ease of access afforded with this cylinder
head design ensures that the surface temperatures and stresses can 
be extensively monitored using thin film thermocouples. These will be 
formed be sputtering each of the metalic layers onto the ceramic 
surface. Two masks will be constructed for use with this sputtering 
process to form the fine network of leads needed. Spring contacts 
are used for making external contact with the instrumented ceramic 
blocks. The instrumentation is further discussed in section 7.6. A 
photograph of the rig is shown in figure 7. 5.
7 .4 .1  OVERALL CYLINDER HEAD DESIGN
The replacement cylinder head is exposed to high temperatures, and 
pressures (1300K and 120bar) In addition high heat transfer rates 
will be developed, especially around the single poppet valve, leading 
to high thermal stresses. The cylinder head is manufactured In three 
main parts all of EN58E which was chosen for its good strength at 
elevated temperatures. /
The cylinder head design was developed with the intention of leaving 
the rest of the Petter engine unmodified. The position of the push 
rods, water connection passages, and restraining bolts remain the 
same as in the existing cylinder head. This placed restrictions on the 






felt to be undesirable. The layout developed resulted from three 
further considerations.
1/ The need to keep the trapped volume of air between the two reed 
valves and poppet valve to a minimum (volume 2 in figure 7 .2 ) ;  If 
this volume becomes too large then the air will be cycled back and 
forth to the cyclinder. The quantity of hot replacement charge 
provided through the reed valve will be reduced, and hence the in 
cylinder mean gas temperature will drop.
2 / The position and design of the rocker arms and poppet valve was 
critical to avoid developing side loading on the valve guide.
3 / Water cooling has to be provided to the valve site where high heat 
transfer coefficients will be developed, and also to the rear of the 
ceramic location site. Since stress is related to the temperature 
drop across a component it is necessary to keep the rear face of the 
ceramic cool to provide the severest loading for any given gas 
condition.
A cross section of the head Is shown in figure 7.3 .  and a 










25mm x 88mm dia
This gives a datum pressure ratio of 64. and datum temperature ratio 
of 3.3. With a pressurised air flow system including heat ipput. the 





These conditions although not as severe as those within a firing
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engine are sufficient to provide a rigorous environment for the testing 
of ceramic components.
7.4.2 TEST PIECE LOCATION
Where ceramics have been tested in diesel engines if has become 
the general practice to attach the test piece to the piston or use a 
monolithic ceramic piston. This approach has three Important
i
limitations;
1/ For the experimental study to yield relevant information the 
ceramic component needs to be instrumented to monitor the 
temperature and stress fields. Instrumentation of a moving 
component is a complex task. In the case of an Instrumented 
piston moving arm linkages are frequently employed. These are 
very expensive both to purchase and to maintain due to the 
frequent refurnishing which is needed. Maintaining this type of 
equipment for the prolonged running time envisaged is beyond 
the budget of this project.
2 / The reciprocating motion increases the probability of a 
catastrophic failure occurring as the component may make 
contact with loose particles within the cylinder. In addition no 
satisfactory method of retaining the debris during a component 
failure has been found.
3 / The test piece must also fulfil a load carrying role, and 
cannot, if desired be treated as an independant part of the 
engine. The design is therefore more complex and faults are 
more difficult to rectify.
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The design chosen Incorporates a cylindrical test site within the 
replacement cylinder head; this configuration is free of the problems 
associated with the piston sited test piece. In addition this layout 
affords easy access for instrumentation, and since the test piece is 
static a retaining grid can be Introduced to prevent secondary 
damage. This can be seen in the cross section shown in figure 7.3.
The cylindrical specimen site can be used to test both ceramic caps 
and coatings. These can be developed until the designs are ready 
to be used within a firing diesel engine. This degree of flexibility has 
not. hitherto, been present in ceramic testing equipment.
I
7 .4 .3  AiR FLOW CONTROL
As discussed in section 7 .4  the design of cylinder head developed 
incorporates a single poppet valve, and two reed valves, the layout 
Is shown In figure 7.2.
There are three areas to consider;
I) Rocker assembly: In the standard cylinder head design, the
camshaft and push rod assemblies are configured such that each of 
the two poppet valves Is activated once every two crankshaft 
revolutions. With the test rig. only one valve Is employed, the action 
of either push rod must be able to activate this valve. The desired 
timing is shown in figure 7.7;  It was not considered practical to 
develop a design using only a single push rod. since this would 
involve operating the camshaft at twice the normal speed, or 
redesigning the cam profile.
/
To avoid the necessity of redesigning the camshaft or Its drive a 
design was developed which allows the motion ot the push rods to be 
combined. Of the various configurations considered the one offering 
the most durable solution involved a system of three rocker arms, as 
shown in figure 7.8. Either of the two outer rocker arms when 
activated by the respective push rod will deflect the central rocker
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arm. and so open the poppet valve. This arrangement ensures that 
no side loading is developed on the valve guide, it should be noted 
that a frictional force will be produced between the activated rocker 
pair, and the stationary side rocker. There will therefore be a 
tendency for this stationary rocker to lift and lose contact with its 
push rod. This is obviously undesirable, and to prevent this lifting 
the side rockers are spring loaded immediately above the vaive 
adjusters as shown in figure 7 .3 .  using the rocker arm retention 
mechanism.
The moment of inertia of these new rocker arms is slightly higher 
than with the standard design. Therefore the total stiffness of the 
springs needs to be correspondingly increased. This additional 
stiffness Is provided by the two extra springs used in the rocker 
retaining assembly mentioned above, together with the standard 
springs used on the poppet vaive. The associated increase of load 
on the cam was felt to be within the design limits of this engine.
The rocker arm assembly is bolted directly onto the cylinder head, as
shown In figure 7.3 .  An oil feed is used which supplies oil firstly to
the rocker arm block, and then to each of the bimetallic bushes used
in the rocker arms. Oil is also directed towards the poppet valve,
and rocker arm retention mechanism through a small bore tube.
ii) Poppet valve configuration: To facilitate the construction of the 
water and air passages, it was necessary to construct the cylinder 
head from three sections. This approach resulted in the valve guide 
passing through two of these pieces. These two blocks were 
constructed to ensure that the head can be dismantled without 
causing problems with misalignment of the valve guide. Islands of 
metal are provided, to create metal to metal contact, ensuring 
correct vertical alignment, the rest of the surface is sealed using a 
gasket. The correct horizontal position is ensured through the use 
of metal dowels.
The angled air Inlet passage leading to the popet valve is shaped to 
minimise air flow losses, within the limitations posed by the necessity 
of maintaining a high compression ratio. To machine the valve seat
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and air passage, the cylinder head Is split as shown. Sealing 
between the two blocks Is provided by a wire re-enforced gasket.
ill) Reed valves: Reed valves were chosen to provide the
uni-directlonal air flow because they offer a high speed response to 
a pressure differential and have already been developed to provide 
the flow characteristics desired. Standard motorcycle reed valves 
could therefore be used obviating the necessity of developing a flow 
control valve. Other solutions investigated involved mechanical 
actuation, or designs whose flow characteristics could not easily be 
predicted.
The two reed valves are open at the positions indicated on the timing 
diagram figure 7. 7. The reed valve blocks are tt|ose used on the 
Yamaha RT750 motorcycle. Each reed valve assembly includes two 
reeds, and eight Inlet passages with a total free flow area of 
680mm . They are mounted directly onto the cylinder head to keep 
the trapped air volume as small as possible as mentioned in section 
7 . 4 . 1. Figure 7 .9  shows the position of the inlet and outlet passages 
on the cylinder head.
7 .4 .4  WATER COOLING
The water cooling in the cylinder head Is provided for two reasons, 
firstly to keep the bulk material temperature low minimising the 
resultant stresses, and secondly to ensure there is a large 
temperature drop across the ceramic test piece.
With most cylinder head designs the critical area in terms of thermal 
stresses normally occurs in the bridge between the two valves. The 
cylinder head developed for the ceramic testing rig has only one 
valve, the critical area occuring between the valve and ceramic 
location site. Three water cooling passages are incorporated to 
reduce the temperature level in this region. The maximum derived 
stresses are likely to be lower in this design for several reasons. 
The cycle to cyle fluctuations will be less severe, as both the inlet
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and exhaust gas temperatures are comparable. In addition the fluid 
conditions will be more uniform over the surface and the localised 
temperature peak will be lower, due to the absence of a fuel burn.
In the standard cylinder head design water cooling passages are 
created using inserts In the casting mould. Since the replacement 
head was not to be cast the water passages were more difficult to 
incorporate. By constructing the head from three seporate machined 
blocks all the required passages could be formed.
The water flow enters the cylinder head from the cylinder block and 
passes over the rear of the ceramic test site. (Arrow A on figure 
7.10 which Is an off centre cross section of the cylinder head) 
Calculations of the heat flow suggested that the maximum size of 
water passage that could be incorporated would be insufficient to 
maintain the desired temperature drop across across the ceramic. 
For this reason fins (1) are provided in the water passages to 
increase the heat transfer rate. The coolant is next passed to the 
upper cylinder head block (B ) .  in doing so the valve guide is 
cooled. In the upper cylinder head block cooling of the reed valve 
volume takes place (C) .  The critical area surrounding the poppet 
valve air inlet passage Is similarly cooled as the water flow Is directed 
into the lower cylinder head block (D ) .  The water now leaves the 
cylinder head to be cooled and re-cycled.
7 .4 .5  RETAINING GRID
To prevent secondary damage occurring to both the ceramic test 
piece and engine components in general the rig design Includes a 
retaining grid sited below the test piece. This grid must be able to 
retain any ceramic fragments over a wide temperature range 
preventing them from contacting the piston or cylinder walls. It was 
recognised that due to volumetric restrictions any distortion of the 
grid in the axial direction would result in contact between the piston 
and grid. This would lead to failure of the grid itself, and damage
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to any surface instrumentation on the ceramic test piece. The 
presence of the inlet port also meant the grid would have to function 
unsupported for part of the circumference as shown in figure 7.11.
Many gauzes and grids are currently available but due to the 
non-uniformity of the temperature across the cylinder ail these 
designs would distort axially. To meet the combination of restrictions 
a design was developed which would ensure that the thermal 
distortion would only take place radially. The configuration used Is 
shown in figure 7.12. and photographically in figure 7.13. A number 
of curved metallic strips are held over the ceramic surface. Each of 
these strips is rectangular and thickest in the axial direction. The 
combination of these two features ensures that any thermal distortion 
takes place in the radial direction only. The grid will therefore not 
interfere with the piston or test piece.
The possibility of manufacturing this grid by electromachining was 
investigated but two significant difficulties were envisaged;
1 / Examining the grid in plan, the free flow area to material 
area needs to be high to avoid significant alteration of the air 
flow characteristics in the vicinity of the test piece. In the 
extreme case a dead space would be created where film 
insulation would significantly affect the heat transfer in the 
head. The mechanism of electomachlnlng results in tapering 
of the cut material edge. Since the material section must be 
thin this tapering would produce an unacceptably weak 
component.
2 / The material grain structure would not be suited to the final 
shape of the component. The electromachined grid /would 
therefore be mechanically weak.
To overcome these problems the grid was constructed as shown in 
figure 7.12. each of the strips is pre-cut from a sheet of Incoloy 800 
alloy. These strips are held in a horse shoe shaped clamp of 
EN58E. with small balls held between each parallel strip of material.
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to act as spacers. The horseshoe shaped design ensures that ail the 
ceramic face can be covered despite the position of the air inlet 
passage which restricts the room that is available.
7 .4 .6  PISTON CROWN
The piston bowl on the standard piston must be filled because of the 
high volume ratio required in the ceramic insulation test rig. The 
simplest way of achieving this is by attaching a fiat crown to the top 
of the piston. If this crown is bolted directly onto the piston, stress 
concentrations will occur due to thermal mismatch. A method of 
clamping crown and piston together was therefore devised to ensure 
the absence of stress concentrations, the design is shown in figure 
7.14. A split threaded insert (1) is assembled Inside the piston 
body (2 ) .  The piston crown (3) is then screwed into this insert, 
clamping crown and piston together.
This type of construction has two further advantages;
1/ An air gap can be incorporated between the crown and piston, 
reducing heat loss through the piston.
2 / A metallic 'O' ring seal can be incorporated Into the assembly to 
prevent the build up of carbon deposits within the piston. Without 
this precaution the heat transfer through the piston will increase 
during its operational life as the air gaps become blocked.




A manually operated variable speed belt drive system is used to 
power the insulation test rig. It Is set to achieve ratios from of 
0.14:1 to 0 .5 :1 .  Using two pulleys of 240mm and 110mm diameter, 
the engine can be driven at speeds between 200rpm and 700rpm. 
These pulleys may be changed if a different speed range is required. 
A soft starter is provided with the electrical motor for ease of start 
up. Similarly the cylinder is equipped with a decompressor.
There are five important safety circuits built into the engine drive to 
stop the engine in the event of failure.
a / Low speed detection circuit: if the engine speed should drop 
below a preset value, as In the case of engine seizure the power to 
the electrical motor is cut.
b / A flow detection switch is fitted In the water circuit. If the water 
supply fails then the engine drive is cut. thus preventing the cylinder 
head overheating.
c / The electrical heater's temperature is also monitored, and a cut 
out incorporated.
The following circuits are intended to be installed in the future.
d / The power can be cut if a pressure rise is recorded at the back 
of the ceramic test piece, this would occur if a crack propagates 
through the ceramic specimen. /
e / Surface gauging on the ceramic test piece will record any surface 
cracks that develop: this signal can be used as a power cut out.
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7 .6  INSTRUM ENTATIO N
To monitor tho performance of the ceramic and to provide a method 
of cross checking the theoretically derived temperature and stress 
distributions it is necessary to study the temperatures and strains 
present in the ceramic test pieces. The ease of access afforded 
with this design of head enables the test piece to be extensively 
instrumented. Generally the measuring systems used in internal 
combustion engines involve the use of thermocouples set into the 
surface. Since such a site would provide a point for crack initiation 
with ceramics. Its use cannot be considered. Surface sensors do not 
present the same difficulties but little practical experience is available 
with the temperature levels envisaged for the ceramic insulation rig.
The use of thin film surface thermocouples has been investigated in 
the gas turbine industry for the measurement of surface temperatures 
and strains in turbine blades. Work in this area suggests that noble 
metal layers can be used to form a thermocouple ie; Platinum/ 
Platlnum-Rhodium. 58 However. If Platinum/Platinum-Rhodium 
gauges are used then the connecting leads and connections must 
also be of the same material to avoid the creation of secondary 
Junctions. This would be prohibitively expensive. so
Nickel/Nlckel-Chromium thermocouples are to be used. Two masks 
will be made to form the network of leads needed to form the 
thermocouple junctions on the ceramic, as in figure 7.15. Spring 
contacts will be used for making external contacts with the 
instrumented ceramic block.
7. 6 . 1 FAILURE DETECTION CIRCUITRY
The insulation test rig Is designed for long term cyclic loading, it will 
therefore be necessary to leave the rig running unattended for long 
periods of time. So that a component failure will not cause 
secondary damage before the rig can be manually stopped, a failure 
detection circuit is installed which continually monitors the rigs 
performance. Eight failure detection channels are available, as long
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as each of these maintains a closed circuit the rig will continue 
running. If a failure is indicated by an open circuit then the power 
to the electrical motor will be cut. A photograph of the failure 
detection circuit is given in figure 7.16.
It is possible to set the circuitry to ignore any one of these failure 
detection canneis. so that spurious signals can be overridden.
NOR gates are used to combine these inputs in the desired fashion 
as shown if figures 7.17 and 7.18. If any of the switches (A) are 
open the accompanying input is Ignored. LEO drives (B) are used 
to indicate the state of each line. The control rack is shown in figure 
7.16. it should be noted that this system is fail safe.
A latching relay is used to ensure that a failure will stop the motor 
until the circuit is manually reset. An intermittent failure signal such 
as that resulting from an air leak occuring only at peak pressures will 
therefore not cause the motor to switch itself off and on repeatedly. 
The relay can be reset with a switch mounted on the control panel.
If the 12 volt power supply to the detection circuit fails then the Input 
line to the electrical motor will also fall, and the motor stop. 
Similarly If the three phase supply should fail, the motor will only 
restart if It is manually switched on.
Since any of the failure inputs can be cut. it is important to have a 
visual method of indicating which lines are Inactive. Another LED 
(C) is triggered If an input line is deactivated.
7 .6 .2  THERMOCOUPLE FORMATION
/
There are two methods of producing the metallic layers needed for 
the Instrumentation, evaporation and sputtering. Both of these 
methods are carried out In a vacuum.
With the evaporation technique a source of coating material is heated 
in a vacuum near the substrate. When the metal reaches a given
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temperature atoms evaporate from the source. These atoms come 
into contact with the cool surface of the substrate or chamber walls 
and adhere. Different source materials have different evaporation 
temperatures and pressures, thus under similar conditions different 
materials will have different deposition rates. As It is required to 
deposit thermocouple materials, which are alloys then the 
evaporation technique would yield thermocouples having a different 
composition from the source materials. For this reason sputtering 
was chosen.
Sputtering also makes use of low pressures. The vacuum chamber 
Is generally filled with an inert gas. at a pressure of around 
lOOmTorr. When a sufficient voltage is placed across the vacuum a 
glow discharge will form as electrons are ejected from the cathode 
surface. The electron-atom collisions that occur result in the 
formation of Ions. When these Ions impinge on a surface they can 
cause surface atoms to be ejected. These ejected atoms will coat 
any nearby surfaces. The source material, or target is made from 
the thermocouple material. This process should lead to a similar 
material composition in the deposited layer as In the target.
The vacuum equipment is shown dlagramatlcally in figure 7.19.  
Initially attempts to form the metallic layers required made use of 
glass slides as a substrate material. Although the glow discharge, 
characteristic of sputtering was present during operation, the layers 
deposited were found to be non-conductlve, and very thin. Due to 
the equipment's age and Its inability to hold a vacuum this was 
Initially felt to be due to the presence of oxygen in the chamber, as 
this would oxidise the metallic layers. A great deal of time was spent 
investigating leaks and trying a variety of targets, unfortunately 
without improving the coating. Eventually the problem was traced to 
an electrical fault, caused by the failure of a high tensipn lead. 
This was repaired, but by this stage too much time had elapsed for 
the author to develop the thermocouples for use in the insulation test 
rig. However. It Is Intended that this work be continued, and these 
thermocouples installed at a later date.
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7 .7  COMPUTER PREDICTION OF PERFORMANCE
The engine simulation program SPICE64 was used to predict the 
performance of the Insulation test rig. This computer code proved 
sufficiently flexible to model the performance of the rig which 
Incorporates reed valves, a single poppet valve and an electrical 
heater. Initial estimates of the gas temperature at inlet, and 
electrical power were made, the program then uses these to 
converge automatically to the steady state operating condition. The 
computer predictions are shown In figure 7.20 and 7.21,  the peak 
gas conditions are 142bar, 1240K at a boost pressure of 2bar.
As the volumetric efficiency observed in the operating engine was 
lower than that expected, as discussed in 7.8 ,  the peak gas
i
conditions are likely to be approximately 120bar and 1300K. The peak 
temperature is Improved as the reed valves exhibited a higher than 
expected temperature celling, and a correspondingly higher preheat 
temperature could be used.
7 .8  RIG COMMISSIONING
Initial running was performed without air boost or pre-heat. A steel 
disc coated with l /2mm PSZ was installed and ran for approximately 
four hours at 600rpm. The cylinder head and test piece were then 
removed and examined, no signs of wear were found. Subsequently 
a silicon nitride disc, supplied by ARE was installed in the engine 
and ran briefly with air boost, again no problems were encountered. 
This disc is shown In figure 7.22.
Endurance testing was then commensed. The rig was run without air 
boost, but with air pre-heat on; an air Inlet temperature of 140°C 
and engine speed of 600rpm was used. During this period^he water 
pump failed, and as the relevant failure detection circuit was not yet 
installed the rig was left running for approximately one hour before 
this was detected. There appeared to be no damage sustained, but 
during later running under boost conditions air was forced into the 
water system. This was not serious in itself as the leakage showed 
no signs of increasing, and the quantities involved were small, but
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these air bubbles caused the water pump to cut out frequently.
At this time a AVL 8QP piezo-electric quartz transducer was fitted to 
the engine, as shown in figure 7.23. The peak pressures were 
recorded and found to be only 20bar under unboosted conditions. 
A low volumetric efficiency was suspected as the cause of this low 
pressure. Subsequently the air flow passage leading to the single 
poppet valve was enlarged, and the cylinder head refitted. The new 
pressure peak was found to be 43bar at 7G0rpm. This compares with 
a theoretical value ot 59bar if blowby is Ignored, and 100% 
volumetric efficiency is assumed. At 700rpm 43 bar is therefore a 
realistic value.
The rig was then run for about 30<^  hours with pre-heat and no air 
boost, during this time the silicon nitride disc survived without 
failure. Mid way through this trial the water pump stopped again, 
and after restarting the air leak was far worse, with air pulsing into 
the water even under normally aspirated conditions. The head was 
stripped down, and one of the gaskets was found to have failed. It 
was replaced with a wire re-enforced material. The water pump was 
also replaced. Although the air leaking into the water supply was 
stopped during naturally aspirated conditions, with boost low leakage 
rates still occured. After these repairs endurance testing was 
resumed.
During the rig's operation it was noted that oil was being lost in the 
form of mist through the oulet reed valve. Although no more than 
the normal level of oil loss was encounted the oil built up in the 
closed loop air circuit. Due to the presence of the electrical heater 
in this loop there was a risk of the oil mist being ignited. In the 
sealed air circuit this could have caused an explosion, and therefore 
an air filter will be fitted after the inlet valve. After the, first 300 
hours of running the rig was therefore not opperated with preheat.
At the time of writing the air filter has been purchased but not 
installed. Once it is in place running with preheat will resume. Due 
to the air leakage into the water supply maximum in cylinder
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conditions are limited to approximately 60bar and 1300K.
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8 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
8. 1 THEORETICAL WORK
The theoretical work undertaken has revealed methods through which 
the stresses in coatings and monoliths can be minimised. However, 
it has also highlighted several problems peculiar to the analysis of 
ceram ics. Inaccuracies are introduced as the data base of material 
properties is both unreliable and limited in coverage. Also ceram ics  
exhibit properties which can only be represented accurately through 
the use of statistical analysis. This spread of properties is increased 
further where ceram ic coatings as opposed to monoliths are used. 
The presence of large numbers of micro cracks in plasma sprayed 
coatings produce very different stress levels from those which would 
arise in a fully dense coating. An attempt has. therefore, been made 
to calculate an allowance for these factors.
It follows as a consequence of these areas of uncertainty that the 
stresses predicted for a ceram ic component will rarely be accurate. 
All that can be achieved is to ascertain the positions of stress 
concentrations, and evaluate methods for lowering these stress 
peaks. Finding exact stress levels throughout a ceram ic component 
is often not achievable.
The concept of running a single finite elem ent model with a spread  
of material data and boundary conditions has been advanced. This 
procedure makes allowance for the possibility that the material 
property data and the boundary conditions may be inaccurate. In this 
way the worst conditions that can arise will be found rather than just 
the average.
The residual stresses in zirconia coatings is another area that was 
investigated. With the process of plasma spraying there are many 
param eters which can be varied, including zirconia feed rate, 
distance between substrate and spray head and spray head traverse 
rate. At present these variables are set to values which experience 
has demonstrated can produce satifactory coatings, without any real
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appreciation of the reasons for success or failure. However, as 
coating thickness increases it has become necessary to gain a 
clearer understanding of how the variation of these parameters 
affects the coating. A simplified theoretical Investigation was 
therefore made to predict the residual stresses in coatings. This work 
can only be regarded as a start into this field, but the model does 
indicate possible ways of maximising coating life. The theory used 
needs to be extended to allow for plastic deformation of the 
substrate, and to include the heating effect of the plasma on the 
substrate.
8 .2  EXPERIMENTAL WORK
The environment within a firing diesel engine has extreme 
tem perature and pressure peaks. in the initial stages of assessing 
the suitability of Individual ceram ic materials these conditions are  
likely to be too severe, the test pieces not lasting long enough to 
provide useful results. The test rig was therefore intended to provide 
a controllable environment, capable of being made progressively 
more severe as the tests proceed; from small pressure and 
tem perature ratios, to the levels nearer those In a firing engine.
This apparatus is based on a Petter PH1W diesel engine with a 
replacem ent cylinder head. A variety of ceram ic material types and 
configurations can be mounted within this replacem ent head. The  
area reserved for the ceram ic inserts is directly above the cylinder, 
providing a site 88mm in diam eter and 25mm deep.
The programme of experimental work Initially envisaged has. 
unfortunately, not taken place. This has been partly due to the 
illness of workshop personnel. In addition a rebuild of the test cell 
where the apparatus was sited was undertaken part way through the 
commissioning, causing further delays.
Despite these delays the rig is now running satisfactorily and has 
completed 400hrs of tests, under both boosted and unboosted 
conditions, with and without a ir preheat.
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The initial aim of providing peak incylinder conditions of about 1330K 
and 120bar has not been fully realised. Currently the maximum 
operating conditions are 1300K and 60bar. Leakage of air into the 
water cooling system under boosted conditions has prevented 
operation with air boost. With air boost off the appears to be highly 
reliable and capable of being left running unattended for long 
periods.
It was originally Intended to monitor the temperature within the 
ceram ic test pieces using thin film thermocouples. Unfortunately, the 
initial attempts at forming the metallic layers failed. A great deal of 
time was spent investigating leaks within the equipment used, 
unfortunately without improving the coating. Eventually the problem  
was traced to an electrical fault. This was repaired, but by this stage 
too much time had elapsed to develop the thermocouples for use in 
the insulation test rig. However it is intended that this work be 
continued, and these thermocouples Installed at a later date.
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APPENDIX 4.
t r a n s . f o r t  r a t 07/06/Si  1151.1 K t  Sun
This program has beta Modified to ca lcu la te  the res idual 
stresses caused by plasma spraying
This program ca lcu la tes  the stress ( a x ia l  and c ircu m fe ren t ia l  ) in a c i r c u la r  disc th a t  is  subject 
to a temperature drop across the faces. The disc may be restra iaed ia the ax ia l d i r e c t io n ,  or 
allowed to deforn to i t s  equ i l ib r ium  p o s i t io n .  The program is  s tructured to cope u i th  e i th e r  a disc 
made of tuo M a te r ia ls  or the disc may be div ided up in to  not more than 195 layers each u i th  i t s  own 
p ro p e r t ie s ,  so a l low ing fo r  graded m a ter ia ls .
The program s p l i t s  the disc in to  a number of th inner elements each u i th  uniform prope r t ies .
In the case of a disc res tra iaed a x ia l l y ,  each disc is  then allowed to expand f re e ly  ia  the rad ia l  d i r e c t io n  
The force in  each element is  then found to re s t ra in  a l l  the elemental discs to the same diameter. This 
diameter is  then adjusted to the sun of a l l  the rad ia l  forces is zero. The stresses are then found in each 
element. Ax ia l stresses m each element are found bv fu r th e r  i t e ra t io n  invo lv ing  a re la t io n s h ip  between 
the B.N. along the circumferance, temperature d is t r ib u t io n  , radius of curvature and the ax ia l s tress 
Uhen deformation is  allowed the above is  repeated with add i t iona l fac tors  al lowing stress changes 
caused by the change in shape. A fu r th e r  i t t e r a i t o n  is  performed adjusting the radius u n t i l  zero 
net B.H. are found about the N.A.
Shooting methods are employed fo r  convergence to the boundary co id itons
set up arrays
t  thickness of each element temp temperature in S.S temo2 t ra ns ien t  temperature array
e young's mod v poisson's ra t io  g thermal expansion
cp s p e c i f ic  heat de density
dimension cp<300>,de<300),nmat(20>,temp2<50,200) 
dimension dtemp(IOO)
dimension tem p{200 ) , fo rce (20 0 ) , fd is (2 00 ) ,bm (2 00 ) , fo rd <2 00 ) , fo r r (2 00 ) ,e ( j0 * ) ,v (3 0 f l ) ,g (30 0 ) , t (30« ) ,s t resy (2 0« ) , fn ry (2 00 ) ,n (100 )
rea l k l ,k2 ,n fo r ,nbm ,nbm 2,hau l,k (300),h
in teger type ,ber , trans ,p rops ,bound ,z fo r ,ou t , tem pro , t r tem p
common k ,e , v ,g , t , c p ,d e
p i s3 . 14159
set z fo r  to 1 when s u f f i c ie n t  in form ation is  ava i lab le  to use shootin method to f in d  rad. of curvature 
z fo r =0
ntemp counts the number of t rans ien t  ca lcu la t ions  performed
ipone=0
mtemp*1
set net force to  zero 
nfor=0.0

•  read(3,833) i r e s id
i f f i r e s i d . 04 . 1) w r i t e (4,847) 
i f t l m i l . H . I )  read(3,833) te la s t  
147 f w u K t i /  Eoter te*:>erature at which i l t f t i c  p rope rt ies  s ta r t  in the coa t ing '
i f ( t r a e s .e e .1) goto 124
 REAR I I  BATA FOR 6RABCI MATERIALS
c i f  t r a e s * l ,  props-tuober of layers 
« r i t e ( i , 8 2 5 )  
props=20# 
read(5,824) aos 
824 fo ro a U a l )
i f ( a e s . e g . ' y ' )  c a l l  help4 
110 read(5,833> e(props)
i f ( e (props) .1 t . 1.0e-3) goto 113





w r i U U t S30) 
read(3,B24) aas 
i f t a i i . e g . y )  c a l l  help3
read(3t 835) h e a tl,hea t2 , tenp1 , tenp3 ,d ia ,d te«p (1) 
c set a l l  of  dtenp Matrix i f  datua tenperature is  set
c
do 1030 iuop>1,100 
d te«p ( iuop )= -d te *p (1)
1030 cootioue
c
c a l l  sectioa<o,teNpro,teMp(i),nnat)
c
n ce r -o n a td )
ooet*nnat(2)
oaste-2
do 117 ic=1 ,20 
• te t - o to t+ n n a td c )
117 cootioue 
eigh t*#
do 118 i e *1 ?1W 
e ig h t * e ig h t« t ( i c )
118 cootioue 
t i * t ( 1> 
t 2* t ( o c e r d )
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205 c o a t i a u e
i f< a b s < t* tn .9t . 1. 0e -20 ) 90to 21*
t« t t * to t  
ybar1*ybar 
ybar=ybar»1 .03 
to t*0 .0  
90to 1f3
210 t i * 1=ybar 
t ia 2*ybart 
t i * 3 * to t i  
t ia 4 * to t
if (a b s ( ta t l . l t .O .S t -1 0 )  ooto 215 
i fd t ia 1 - t ia 2 ) .e q .O )  9oto 213 
c h a y b * t ia 4 * ( ( t ia 2 - t ia 1 ) /{ tm 3 - t i*4 ) )
i f  (abs(chayb) .q t .  (0 . 1«ybar)) chavb=0 . i*ybarichayb/at>s(chayb) 
ybar=tia1-chayb
if (a b s ( t ia 4 ) . f t .a b s ( t ia 3 ) ) ybarl=tia2  
i f< a b s (t i*4 ) . 9t .a b s (t ia 3 ) ) to t1«tia3  
i f ( * b s ( t ia 4 ) . l t .a b s ( t i« 3 ) ) ybarl= tia1  
i f (a b s (t ia 4 ) . lt .a b s (t ia 3 > )  t o t l =ti«4  
to t*0 .0  
qoto 193
 F i l l  TFBOFMTOtf A ll  FIEF EXW ISIO I W  EAC« El-ENEIT
coatiaue i f  t ra a s ie a t  coadtt ions are required 
213 i f ( t r t o o y . l t . 0 . 5 )  qoto 233 
u r i t * (4 ,? 2 4 )
224 f o r a a t d i , '  Uhat u a i fo ro  tooporaturo is  your disc s ta r t in g  a t ' , / ,
1 '  you caa us* * i t b * r  degrees t  or C, but keep to sa»* throughout p rog ram ', / )  
read<3,833)t12 
u r i t * (4 ,2 2 7 )
227 f o r a a t d x , '  Is th« tooporaturo d is t r ib u t io n  alroady a v a i la b l*  la f i l e 7 0 f ' , / ,
1 '  la  uhicb case type * y o r  do you uaat tho progra* to ca lcu la te  tb« d i s t r i b u t i o n  fo r  y o a , ' , / ,  
1 '  ia  uhicb case typo ' a * ' , / )  
r*ad(3,S2A> aas 
i f (aas.ee."a " )  o r i t*<4 ,2 2 f>
22f f o r a a td  a , '  To ca lcu la te  t raas ioa t  temperature d is t r ib u t io a ,  tho u s e r -u r i t te a ,
I '  subroutiao ‘ teapbouad* must bo used, i f  you require help ia preparing t h i s ' , / ,
1 '  typo > * ' , / >  
j t r i g *0
i f ( a a s .e o . 'y * )  j t r i g =1 
i f <aas.ee.*a*) r*ad(5,326> aas2
i f<aos .e d .* i* .a nd .a as7 .e g7 *y - ) c a l l  he lp !  
do 220 i b i c * 1,200 
t e a p ( ib i c ) * t 12 
220 coatiaue
c
i f ( j t r i g . e q . 1) goto 217 
c c a l l  t ra a s ie a t  teaperature subroutine
c a l l  t e « p p r o ( t e a p , h f , t f , t l2 , teap2 , a to t , t ia e >  
goto 2H
217 do 214 i t i t z1, t r te a p
read(70,71> t i a # , ( t * a p 2 ( i t i t , i ) , i * 1 , a t a t )




a l rd y =0
c s t a r t  of t ra a s ie a t  loop
22S coatiaue 
* f o r *0 
a fo r=0
do 230 1* 1,200
c set teaperature d i s t r i b u t i o n  to next t in e  increment
tea p ( i )= te ap2( a te a p , i )  
f d i s ( i ) zd i a * f ( i ) e ( t e a p ( i ) ~ d t e a p ( i ) ) / 2.0 
230 coatiaue
i f ( ip r o f . g t . 0 .5 )  goto 240 
goto 243 
235 coatiaue
c f in d  teaperature at in te rna l  boundary
i f ( t r a a s . e q . i l  goto 237 
i f ( t e a p r o .a e .1 ) goto 243 
c f in d  teaperature of each eleaent ia  graded s t ru c tu re
237 te a p d  )*teap1
f d i s d  ) * d ia * g d  >ateap(1J/2.0
c
do 240 i * 2 , a t o t  
c f ia d  p rope r t ies  fo r  eleaeat being considered
t e a p ( i ) - t e a p ( i - 1 ) + ( q h e a * t ( i ) / k ( i )1 
f d i s ( i ) = d ia * g ( i ) * t e a p ( i ) / 2.0 
240 coatiawe
i f ( i p r o f . g t . 0 .3) goto 240 
i f ( t r a o s . e q . 1 ) goto 245 
goto 240
c
c f ia d  teaperature d i s t r i b u t i o n  ia u a i fo m  s t ru c tu re
245 teapezm e a p 1 t(k 1 t t2 e a a e t / (k 2 » t1 « a c e r ) ) )H e a p 3 ) *2 « t l» n c e r / ( (k 1 « t2 « n a e t ) *< t? r t1 * ic e rn  
qfcea=kIn(teap1- t e a p a ) / ( t 1«*ce r) 
























































































































































































































































































































s t r * s y ( i )=0
ead if
a fo r = a fo r * ( f o r c * ( i ) - f o r d < i  > - fo r r< 1) r f o r ? < l )) 
nb*=nb"*ba(l)
325 coating*
c i f  M t  ra d ia l  foree = 0 , bodv ia ra d ia l  t o u i l i b r i u *
i f ( a b s ( a f o r ) . l t . 0 . 1 > ^oto 335 
i f (a b s < rc 1 - rc 2 > . l t .2 * -B >  soto 335 
c i f  stcoad or sosoqueat i t e r a t i o a  ooto 330
i f ( r c 2 . q t . - 0 . t t . o r . r c 2 . l t . - 1 . 0 1 1  ooto 330 
d for=afor 
re2=re1
c sot re 1* 1. 15* r c 1 f o r  secoad ouess at re 1
re l=1 .15trc1  
flioto 280 
330 t i a 1 * r d  
t i a 2=re2 
t ia 3 *d fo r  
t ia4=a fo r
c
c
r  C08VERSE8T C O illT IQ iS  FOR ZERO l€T FORCE
c
c
r e 1 = t ia 1 - t ia 4 * < ( t in 2 - t i a 1 ) / ( t i a 3 - t in 4 ) >  
u t o p i a - a b s ( ( r c l - t i n l ) / t i a i  > 
i f ( u t o p ia . l t . 5 . 0 * - 9 )  soto 335 
i f  <abs(t ia4) . j t . a b s ( t i » 3 ) ) d f o m i n 3  
i f ( a b s ( t i a 4 ) . g t . a b s ( t i a 3 ) ) r c 2 - t ia 2  
i f ( a b s ( t i a 4 ) . l t . a b s < t i a 3 ) ) d fo r= t ia4  




e  CWVEKE8T C0V8 I T I 0VS FOt ZE10 BR
c
e
c i f  w t  b« - 0 goto 355
335 i f ( k a u l . f t . 0 . 5 )  goto 345 
i f ( a b s (a b a ) . l t .O .S )  goto 345
c i f  ra d ia l  r e s t r a i i t  ooto 335
c i f  rad ios spec i f ied  ooto 335
i f < h a u l . l t . - 0 . ? f >  90to 345 
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— l Y f l e n p r o . o e . l  . a i f .  t r a n s .  a e . f l  ' V * 3 t > f T ; ? 2 l >
i f  ( t e n p r o . e q . 1  . o r . t r a n s . e q .  1)  u r i t e ( 4 , 8 7 0 )  
b n ( 1 ) * t 1 / 2 . 0  
c use bn n a t r i x  t o  r e c o r d  e l e n e n t  dept h
do 410 i : ? , e c e r  
b M ( i ) = b M ( i - 1 ) + t 1 
410 c oM t i e u e
b M ( » e e r * 1 ) * b M < a c e r > m m ? ) f 2 . 0  
do 413 t * ( n c e r e 2 ) Ta t o t  
b n ( i ) = b n ( i - m t 2  
413 c o n t i n u e
i f ( t e n p r o . a e . 1 . a n d . t r a n s . n e . 1)  u n t e < 6 , 9 7 0 )  
i f ( t e n p r o . e q . 1 . o r . t r a n s . e q . 1) w r i t e ( 4 , 9 7 5 >  
do 420 i : 1 , n t o t  
t e n p ( i ) * t e n p ( i ) * c t e * p  
e ( i ) = e ( i ) / i . 0 e 9  
3 ( i ) = 9  < i » • 1 . 0 e 6 
420 c o n t i n u e
i f ( t e n p r o . n e . 1 . a n d . t r a n s . ne . 1 ) nr i t e <  4 . 9 8 0 ) ( b n ( i ) , t e « p < l ) ,  f o r c e ( l ) , s t r e s y ( i ) , 1 * 1 , n t o t  > 
i f ( t e n p r o . e q .  1 . o r . t r a n s . e q .  1)  v r i t e <  4 , 9 8 3 )  ( bn(  i ) , t e n p ( i ) , k ( i ) , e ( i 1 , v ( i ) , g ( i ) . f o r c e d ) , s t r e s v f i  1 . i = 1 , n t n t ) 
do 425 i = 1 , o t o t  
e ( i ) = e ( i ) • i . 0 e 9  
« ( i >=3 < i ) / 1 . 0 e 4  
425 c o n t i n u e  
c i f  p e r f o r n i n g  M u l t i p l e  runs r e t u r n  to  1
i f ( b e r . g t . 0 . 5 )  go t o  123 
Mt eMp: nt eNp>1 
t r t e n p = t r t e n p - 1
c i f  t r a n s i e n t  c a l c u l a t i o n s  b e i n g  p e r f or me d  t a ke  next  t e n p e r a t u r e  p r o f i l e






1 0 0  f o r n a t ( '  i f  you r e q u i r e  a b r i e f  o u t p u t  e n t e r  1 , a b r i e f  i n p u t  e n t e r  2 , ' /
I '  b o th  e n t e r  3 ,  f o r  a c o n v e n t i o n a l  run e n t e r  0 . ' / )
805 ? o m a t ( '  e n t e r  nueber  o f  s e t s  o f  c a l c u l a t i o n s  t o  be p e r f o r n e d ' , / 1
810 f o r n a t ( 1 x , ' i f  M a t e r i a l s  have gr aded  s t r u c t u r e  or  More t ha n t uo  M a t e r i a l s  a re  u s e d ' , /
S '  e n t e r  a 1 ,  o t h e r w i s e  e n t e r  a 0 ' , / )
815 f o m a t ( 1x , ' i f  t e n p e r a t u r e  de pend an t  p r o p e r t i e s  g i ve n  on s u b r o u t i n e  ’ p r o p e r t i e s " ' , /
S' enter a 1, otherw ise eater a 0 ' , / )
820 f o m a t d x , ' i f  t r a n s i e n t  s o l u t i o n  i s  r e q u i r e d  e n t e r  nueber  o f  c y c l e s ' , /
S'  i f  a s t e a d y  s t a t e  s o l u t i o n  i s  r e q u i r e d  e n t e r  a 0 ' , / )
823 f o r n a t ( 1 x , ' e n t e r  youngs nod,  t h e r n a l  c oa d ,  po i s so n s  r a t i o ,  t h e r e * ]  exp,  depth p r o p e r t i e s  e x t e n d ,  and nueber  o f  e l e m e n t s  each  
s e c t i o n  s hou l d  be d i v i d e d  i n t o ' , / , ' u h e n  d a t a  c o n p l e t e  e n t e r  a 0 
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— noTBrn m rr  ex*winr nptxr,rr T* ,^-io#-i,rooo;sdO,'W,?oo,f6e-:r,7w;i«Tr, / r
S' as above except, gas con d itions  on top face 1000 k , 4 0 0 u /n k ', / ,
S ' bo tton  face 600 k , 2 0 0 u /n k ', / ,
S ' component is  s tress  fre e  a t 280 k , and a leS n/n2 pressure drop e x is t s . ' , / )  






u r i te ( 6 , 100) 
w r i te (6 , 110)
100 f o r n a t d x /  exanple i n p u t ' , / /  3 0 0 e 9 ,2 0 0 e 9 ,1 ,3 0 ,0 .2 3 ,0 .3 ,3 e -6 ,1 0 e -6 ,0 ,f,0 ,0 ',/,
I '  ceranic p ro p e rtie s  e*300e9n/n2, k*1u/n2 , poissons r a t io = 0 .2 3 / , / ,
1 '  t h e r n a l  e x p a n s i o n = 3 e - 6 . ' , / ,
1 ' ne ta ls  p ro p e rtie s  e=200e9l/n2, k=30u/n2, poissons r a t io = 0 .3 , ' f / ,
S' the rna l expansioa=10e-6.' , / ,
S '  the rn a l capac ity  and dens ity  are not needed fo r S.S. c a lc u a lt io n s ', / )
110 fo ro a tC lx , ' exanple i n p u t ' , / /  300e9,200e9,1,3 0 ,0 .2 3 ,0 .3 ,3e -6 ,10 e -6 ,400,SOI,2 0 *0 ,3 0 0 0 ',/,
S' sane as above but thenal capac ity  fo r  the ceranic is  400 and dens ity  is  2 0 0 0 ', / ,
S ' fo r  ne ta l capac ity  is  600 and dens ity  is  3 0 0 0 ',/)  





w r i te ( 6 , 100) 
w r i te ( 6 , 110) 
u r i t e ( 6 , 120)
100 f o r n a t d x /  This subroutine nust take the f o r n ' , / / ,
S ' t e n p b o u n d ( t f ,h f , t in e ,d e lt ,d a n g le , t i l , te n p ) ', / / ,
S ' not a l l  o f these v a ria b le s  need be used, in  the s in p le s t case o n ly ' , / ,
S ' ’ t in e "  is  passed to  the sub rou tine , and " t f " ,  " h f  and " t d "  are re tu rn e d ', / ,
S' these are gas tenpera tu re  and heat tra n s fe re  c o e ffic e a t on the gas s id e ' , / ,
S' and the rear face tenpera ture -  these can a l l  be set as c o n s ta n ts / , / ,
S ' or va ried  u ith  t in e ,  in  uhich case the change ia  t in e  "d e lt "  w i l l  h a v e ', / ,
S' to  be used, and exanple progran fo llo w s , corresponding to the c a s e ', / ,
S' o f the in -c y lin d e r  con d itions  in  a f i r in g  e n g in e ', /)
110 f o r n a t d x /  PtOGtAM U S T IW ', / /
S ' subrou tine  te n p b o u n d d f,h f, t in e ,d e lt,d a n g le , 111,t e n p ) ' , / ,
S ' c th is  subrou tine  can be used to  se t up desired th e rn a l boundary con d itions  as a c o n s ta n t'
S ' c or as a fu n c tio n  o f t in e .  This to  be used i f  a tra n s ie n t s o lu tio n  is  r e q u i r e d . ' , / ,
V  « V ,
S' c set step fo r  angle in c re n e n ta t io n ', / ,
S' d a n g le = 2 ',/,
S ' c
S' p i= 3 .1 4 1 3 9 ',/,
S' c set conpressioe c o n s ta n t '. / ,
r —  v ganna*i . v;r,
1 '  c set engine opera ting s p e e d ',/ ,
I '  fre q u e n cy= 2 0 ',/,
S ' c set eax voluM# ration',/,
I '  v ra tio n = 20' , / ,
S ' c se t ia le t  a i r  te n p e ra tu re ', / ,
S' te n p 1 = 3 0 0 ',/,
S' c find e f fect ive  coMpressioe r a t io  a t  the present tine within the c y lc e ',  
S ' conp=-vratio*cos(2 .0*p i* line*frequeacy)' , / ,
S' c o n p = (v a r io /2 .0 )d c o n p /2 .0 ) ', / ,
S ' conpac o n p d ' , / ,
S' c c a lc u la te  the t in e  in c re n e n t ', / ,
S' d e lt= d a n g le /(3 6 0 .0 * fre q u e n c y ) ',/ ,
S ' c f in d  the instantaneous gas te n p e ra tu re ', / ,
S' tf* te np 1*(co np M (gan na -1 ) ) ' , / ,
S ' t f = t f - 2 7 3 ', / ,
S ' c ' , / ,
S ' c se t up heat tra n s fe r  c o e f f i c ie n t ' , / ,
S' h f*1 2 0 0 ', / ,
c ' , / ,
S ' c se t up tenpera tu re  of rear f a c e ', / ,
S' t l 1 = 2 0 0 ',/,
S' i f ( t i l .91.200) 111= 2 0 0 ',/ ,
S' r e t u r n ' , / ,
S' e n d ', / / )
120 f o r n a t d x , '  PR06RAH L IS T Ih G ',/,
S' c a l te rn a t iv e ly  the fo llo w in g  s tru c tu re  can be u s e d ', / ,
S' c uhich re tu rn s  constant values u ith  t i n e ' , / ,
S' subrou tine  te n p b o u n d itf ,h f, t in e ,d e lt ,d a n g le , t11 , t e « p ) ' , / ,
S ' d a n g le = 2 ',/,
S ' h f* 1 1 0 0 ', / ,
S ' t f= 1 2 0 0 ', / ,
S ' d e lt= 0 .0 1 5 0 ', / ,
S ' t1 1 = 2 0 0 ',/,
S' return',/,
S' e n d ' , / / )





100 f o r n a t d x , '  exanple i n p u t ' , / , '  3 O 0 e 9 ',/, ' 3 0 ,0 .2 3 ,1 0 e -* ,1 e -3 ,2 l', / ,
S ' 320e?',’ / , '  3 1 ,0 .2 3 ,1 0 e -3 ,1 e -3 ,2 1 ', / , ' 2 0 0 e 9 ', / , ' U 0 ,0 .3 ,2 4 e -d ,1 0 e -3 ,4 0 ',/ ,
"  110 f o r n a t d x , '  The'Sata given is  fo r  th ree ' la yers  each o f"a  d if fe re d *  n a W y iT !- ; /
S' The f i r s t  has a Youngs nodulas of 1 0 0 * 9 ' , / ,
I '  Thermal c o n d u c tiv ity  3 0 ', / ,
S ' Poissoas r a t io  0 .2 3 ', / ,
1 '  T h e r n a l  e xp a n s i o n  I O e - 6 ' , / ,
S' These p ro p e rtie s  extend through a depth o f 1 e -3 n ', / ,
S' aad th is  layer is  d iv ide d  ia to  20 s t r i p s ' , / ,
1 ' The u a its  oust be c o a s is ta a t . ' , / ,








v r i t e ( 6 , 100) 
w r ite (& ,110)
100 fo rnatd  x , '  exanple i n p u t ' , / , '  0 ,0 ,4 00 ,2 00 ,8 4e -3 ,0 ' , / ,
S' U ith  th is  se t o f data the top of the d isc is  a t 400* the bo ttn * a t 2 0 0 k ', / ,  
S' The disc is  8& an in  d ia n e te r . ' , / )
110 f o r n a t d x , / , '  1000 ,800 ,400 ,200 ,86e -3 ,0 ',/,
S' U ith  th is  set o f data the top of the d isc see a gas 1000U /a2I,400K ',/,
S' the bo tton 800U/n2K,200K', / )  





w r ite ( 6 , t 00) 
w r i te (6 , 110)
100 f o r n a t d x , '  I t  is  necessary to  set up a subroutine c a lle d  p ro p e r t ie s ', / ,
S' The tenpera tu re  o f each eleneat is  seat ia to  th is  s u b ro u t in e ', / ,
S ' and the p ro p e rtie s  Youngs Nodulas, poissoa r a t io ,  the rn a l e xp a n s io n ',/,
S ' aad c o a d u c tiv ity  are re tu rned , these are held in  the n a trice s  e ,v ,g ,k ' , />
110 f o r n a t d x , '  The fo llo w in g  is  an exanple o f such a s u b ro u t in e ', / / ,
S' subrou tine  p r o p e r t ie s ( n a t l , t e n p , i ) ' , / ,
S' c This subroutine is  c a lle d  once fo r  each d isc e le n e n t ', / ,
S' c The tenperatue is  a u to n a tic a lly  fed across as " t e f ip " ' , / ,
S' c i  is  the e leneat a u n b e r ', / ,
S' c n a t l is  the n a te r ia l a u n b e r ',/ ,
S' c as the progran stands oa ly two n a te r ia l can be s tu d ie d ', / ,
S' c ie  natl=1 fo r  ceranic la y e r ' , / ,
S' c and na tl=2  fo r  ne ta l la y e r ' , / ,
S ' d inensioa e (3 0 0 ),v (3 0 0 ),g (3 0 0 ),t(3 0 0 ),c p (3 0 0 ),d e (3 0 0 ) ', /,
S' re a l k < 3 0 0 ) ', / ,
S' connon k ,e , v ,g , t , c p ,d e ', / ,
S' i f ( n a t l . g t . 1 .5) goto 1 0 ', / ,
2
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Silicon Nitride disc, 20mm thick, 86mm diameter 
Subject to a temperature drop of 90 between faces.
No external cons twints are applied, the body is free 





All stresses 0.00 0.00 MPa
EXAMPLE 4.6.1.
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9 mm layer of Silicon Nitride 
on 21mm base of steel.
o
Subject to a uniform temperature rise of 200 from 
a zero stress level.
No external constraints are applied, body is free 
to expand radially, and deform axially.
Model Theory
Radius of 




-5 3 5 .7 6 -5 2 7 .8 MPa
Bottom radial 
stress
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Silicon Nitride disc, 20mm thick, 86mra diameteroSubject to a uniform temperature rise of 200 from 
a zero stress level.
Body is free to expand radially, forced axial 
deformation about a radius of curvature of k m .
Model
Using ’2 material1 
input




stress 0.00 0.00 0.00
Bottom axial 
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C O A T I N G b a s e
2 0 0 . 0 0 0 0
3 . 0 0 0 0  
I I . 0 0 0 0  
0 . 2 7 0 0  
0 . 0 0 2 0
RADIUS or CURVATURE 
CENTRAL DISPLACEMENT 
PERTH TO NA 
HEAT TRANSFER
2 0 0 . 0 0 0 0  GPi
3 0 . 0 0 0 0  U/B2
1 4 . 0 0 0 0  : ( 10 - 6  
0 . 3 0 0 0
0 . 0 2 1 0  M
4 . 9 2
0 . 0 0 0 2
0 . 0 1 1 5
2 . 3 5 0
YOUNGS MGD 
THERNAL CGNu 
THERMAi. i t ?  
rOI SSONS RATIO 
TiEPTH
Til PTH TEMPERATURE STRESS (M, STRESS
0 . 0 0 0 0 2 9 7 9 5 . 6 2 3 4 9 . 5 7 0 . 0 6
0 . 0 0 0 0 8 6 7 8 7 . 4 6 3 2 7 . 2 9 - 0 . 6 9
0 . 0 0 0 1 4 3 7 7 9 . 0 9 3 0 3 . 0 4 - 1 . 34
0 . 0 0 0 2 0 0 7 7 0 . 7 3 2 8 2 . 8 0 - 1 . 9 3
0 . 0 0 0 2 5 7 7 6 2 . 3 7 2 6 0 . 5 8 - 2 . 4 8
v . 0 0 0 3 1 4 7 5 4 . 0 1 2 3 8 . 3 7 - 2 . 9 8
0 . 0 0 0 3 7 1 7 4 5 . 6 4 2 1 6 . 1 9 - 3 . 4 3
0 . 0 0 0 4 2 9 7 3 7 . 2 8 1 9 4 . 0 2 - 3 . 0 4
6 . 0 0 0  466 7 2 8 . 9 2 1 7 1 . 8 7 - 4 . 1 9
0 . 0 0 0 5 4 3 7 2 0 . 5 6 1 4 9 . 7 3 - 4 . 5 0
0 . 0 0 0 6 0 0 7 1 2 . 2 0 1 2 7 . 6 2 - 4 . 7 7
0 . 0 0 0 6 5 7 7 0 3 . 8 3 1 0 5 . 5 2 - 4 . 9 9
0 . 0 0 0 7 1 4 6 9 5 . 4 7 8 3 . 4 3 - 3 . 1 *
0 . 0 0 0 7 7 1 6 8 7 . 1 1 61 . 36 - 5 . 2 9
0 . 0 0 0 8 2 9 6 7 8 . 7 5 3 9 . 3 1 - 5 . 3 8
0 . 0 0 0 8 8 6 6 7 0 . 3 8 1 7 . 2 8 - 5 . 4 2
0 . 0 0 0 9 4 3 6 6 2 . 0 2 - 4 . 7 4 - 5 . 4 3
0 . 0 0 1 0 0 0 6 5 3 . 6 6 - 2 6 . 7 8 - 5 . 4 8
0 . 0 0 1 0 5 7 6 4 5 . 3 0 - 4 8 . 8 4 - 5 . 5 1
0 . 0 0 1 1 1 4 6 3 6 . 9 3 - 7 0 . 9 0 - 5 . 7 1
0 . 0 0 1 1 7 1 6 2 8 . 5 7 - 9 2 . 9 9 - 5 . 8 9
0 . 0 0 1 2 2 9 6 2 0 . 2 1 - 1 1 5 . 0 9 - 4 . 1 1
0 . 0 0 1 2 8 6 6 1 1 . 8 5 - 1 3 7 . 2 0 - 6 . 3 7
0 . 0 0 1 3 4 3 6 0 3 . 4 8 - 1 5 9 . 3 3 - 4 . 4 7
" 0 . 0 0 1 4 0 0 5 9 r .  1 2 - 1 8 1 . 4 8  ' - 7 :  o r
0 . 0 0 1 4 5 7 5 8 6 . 7 6 - 2 0 3 . 6 4 - 7 . 3 9
0 . 0 0 1 5 1 4 5 7 8 . 4 0 - 2 2 5 . 8 1 - 7 . 8 1
0 . 0 0 1 5 7 1 5 7 0 . 0 3 - 2 4 8 . 0 0 - 8 . 2 6
0 . 0 0 1 6 2 9 5 6 1 . 6 7 - 2 7 0 . 2 0 - 8 . 7 6
0 . 0 0 1 6 3 6 5 5 3 . 3 1 - 2 9 2 . 4 2 - 9 . 2 9
0 . 0 0 1 7 4 3 5 4 4 . 9 5 - 3 1 4 . 6 5 - 9 . 8 4
0 . 0 0 1 8 0 0 5 3 6 . 5 9 - 3 3 6 . 8 9 - 1 0 . 4 7
0 . 0 0 1 8 5 7 5 2 8 . 2 2 - 3 5 9 . 1 5 - 1 1 . 1 1
0 . 0 0 1 9 1 4 5 1 9 . 8 6 - 3 8 1 . 4 2 - 1 1 . 7 9
0 . 0 0 1 9 7 1 5 1 1 . 5 0 - 4 0 3 . 7 0 - 1 2 . 5 0
0 . 0 0 2 3 0 0 5 0 2 . 9 3 7 . 4 9 1 . 0 3
0 . 0 0 2 9 0 0 4 9 4 . 1 5 7 . 1 7 0 . 9 2
0 . 0 0 3 5 0 0 4 8 5 . 3 7 6 . 8 5 0 . 8 2
0 . 0 0 4 1 0 0 4 7 6 . 5 9 6 . 5 4 0 . 7 3
0 . 0 0 4 7 0 0 4 6 7 . 8 0 6 . 2 4 0 . 4 5
0 . 0 0 5 3 0 0 4 5 9 . 0 2 5 . 9 3 0 . 5 9
0 . 0 0 5 9 0 0 4 5 0 . 2 4 5 . 6 4 0 . 5 3
0 . 0 0 6 5 0 0 4 4 1 . 4 6 5 . 3 4 0 . 4 7
0 . 0 0 7 1 0 0 4 3 2 . 6 8 5 . 0 5 0 . 4 3
0 . 0 0 7 7 0 0 4 2 3 . 9 0 4 . 7 6 0 . 3 9
0 . 0 0 6 3 0 0 4 1 5 . 1 2 4 . 4 8 0 . 3 6
0 . 0 0 8 9 0 0 4 0 6 . 3 4 4 . 2 0 0 . 3 4
0 . 0 0 9 5 0 0 3 9 7 . 5 6 3 . 9 2 0 . 3 2
0 . 0 1 0 1 0 0 3 8 8 . 7 6 3 . 6 4 0. 31
0 . 0 1 0 7 0 0 3 8 0 . 0 0 3 . 3 6 0 . 3 0
0 . 0 1 • 300 3 7 1 . 2 2 3 . 0 9 0 . 3 0
0 . 0 1 1 9 0 0 3 6 2 . 4 4 2 . 8 2 0 . 2 9
0 . 0 1 2 5 0 0 3 5 3 . 6 6 2 . 5 4 0 . 2 0
0 . 0 1 3 1 0 0 3 4 4 . 8 8 2 . 2 6 0 . 2 7
0 . 0 1 3 7 0 0 3 3 6 . 1 0 1 . 9 9 0 . 2 *
0 . 0 1 4 3 0 0 3 2 7 . 3 2 1 . 71 0 . 2 5
0 . 0 1 4 9 0 0 3 1 8 . 5 4 1 . 4 3 0 . 2 4
0 . 0 1 5 5 0 0 3 0 9 . 7 6 1 . 1 5 0 . 2 3
0 . 0 1 6 1 0 0 3 0 0 . 9 8 0 . 8 8 0 . 2 2
0 . 0 1 6 7 0 0 2 9 2 . 2 0 0 . 6 0 0 . 2 1
0 . 0 1 7 3 0 0 2 8 3 . 41 0 . 3 3 0 . 2 0
0 . 0 1 7 9 0 0 2 7 4 . 6 3 0 . 0 6 0 . 7 0
0 . 0 1 8 5 0 0 2 6 5 . 8 5 - 0 . 2 2 0 . 2 0
0 . 0 1 2 1 0 0 2 5 7 . 0 7 - 0 . 5 0 0 . 1 9
0 . 0 1 9 7 0 0 2 4 8 . 2 9 - 0 . 7 8 0 . 1  7
0 . 0 2 0 3 0 0 2 3 9 . 5 1 -1 . 0 6 0 . 1 5
0 . 0 2 0 * 0 0 2 3 0 . 7 3 - 1 . 3 4 0 . 1 2
0 . 0 2 1 5 0 0 2 2 1 . 9 5 - 1 . 6 3 0 . 0 1
0.  02 7 1 00 2 1 3 . 1 7 • l . 92 0 . 0 4
0 . 0 2 7 7 0 0 7 0 4 . 3 9 2 . 2 1 - 0 . 0 1
r.ior
EXAMPLE 4.8.4.
C S h T i  MG bmSc
YOUNGS MOD 2 I 0 . GG0G 2 0 0 . 0 0 0 0  ti?..
THERMAL COKG 20. 0GG0 3 0 . 0 0 0 0  U/ M?
THERMAL Z' i t  2 . 5 0 0 0  1 4 . 0 0 0 0  :<10-4
r SI SSONS RATIO 0 . 2 3 0 0  0 . 3 0 0 0
DEPTH 0 . 0 0 2 0  0 . 0 2 1 0  *
RADIUS OF CURUATdRE 7 . 2 0
CENTRAL DISPLACEMENT 0 . 0 0 0 1
DEPTH TO HA O . O t l 1
HEAT TRANSFER 4 . 3 5 7  KU
DEPTH TEMPERATURE STRESS ( H I STRESS
0 . 0 0 0 0 2 9 7 9 8 . 9 3 - 2 1 0 9 . 5 9 0 . 0 0
0 . 0 0 0 0 8 6 7 9 6 . 7 9 - 2 1 0 7 . 3 3 4 . 3 3
0 . 0 0 0 1 4 3 7 9 4 . 6 4 - 2 1 0 5 . 0 7 8 .  A3
0 . 0 0 0 2 0 0 7 9 2 . 5 0 - 2 1 0 2 . 8 2 1 2 . 9 2
0 . 0 0 0 2 5 7 7 9 0 . 3 4 - 2 1 0 0 . 5 7 1 7 . 1 1
0 . 0 0 0 3 1 4 7 8 8 . 2 1 - 2 0 9 8 . 3 3 2 1 . 4 2
0 . 0 0 0 3 7 1 7 8 6 . 0 7 - 2 0 9 6 . 1 0 2 5 . 4 4
0 . 0 0 0 4 2 9 7 8 3 . 9 3 - 2 0 9 3 . 8 8 2 9 . 8 4
0 . 0 0 0 4 8 6 7 8 1 . 7 9 - 2 0 9 1 . 6 6 3 4 . 0 2
4 . 0 0 0 5 4 3 7 7 9 . 4 4 - 2 0 8 9 . 4 4 3 8 . 1 7
0 . 0 0 0 6 0 0 7 7 7 . 5 0 - 2 0 8 7 . 2 4 4 2 . 3 0
0 . 0 0 0 6 5 7 7 7 5 . 3 4 - 2 0 8 5 . 0 4 4 4 . 4 1
0 . 0 0 0 7 1 4 7 7 3 . 2 1 - 2 0 8 2 . 8 5 5 0 . 5 0
0 . 0 0 0 7 7 1 7 7 1 . 0 7 - 2 0 8 0 . 6 6 5 4 . 5 7
0 . 0 0 0 8 2 9 7 6 8 . 9 3 - 2 0 7 8 . 4 8 5 8 . 4 1
0 . 0 0 0 8 8 6 7 6 4 . 7 9 - 2 0 7 4 . 3 1 6 2 . 4 3
0 . 0 0 0 9 4 3 7 6 4 . 6 4 - 2 0 7 4 . 1 4 6 4 . 4 3
0 . 0 0 1 0 0 0 7 6 2 . 5 0 - 2 0 7 1 . 9 8 7 0 . 6 1
0 . 0 0 1 0 5 7 7 6 0 . 3 6 - 2 0 4 9 . 3 3 7 4 . 5 7
4 . 0 0 1 1 1 4 7 5 8 . 2 1 - 2 0 4 7 . 4 8 7 6 . 5 0
0 . 0 0 1 1 7 1 7 5 6 . 0 7 - 2 0 6 5 . 5 4 8 2 . 4 2
0 . 0 0 1 2 2 9 7 5 3 . 9 3 - 2 0 6 3 . 4 1 8 6 . 3 1
0 . 0 0 1 2 8 6 7 5 1 . 7 9 - 2 0 4 1 . 2 8 9 0 . 1 7
0 . 0 0 1 3 4 3 7 4 9 . 6 4 - 2 0 5 9 . 1 6 9 4 . 0 2
D . 001 400 7 4 7 . 5 0 - 2 0 5 7 . 0 4 9 7 . 8 4
0 . 0 0 1 4 5 7 7 4 5 . 3 4 - 2 0 5 4 . 9 4 • 0 1 . 4 5
0 . 0 0 1 5 1 4 7 4 3 . 2 1 - 2 0 5 2 . 3 4 1 0 5 . 4 3
0 . 0 0 1 5 7 1 7 4 1 . 0 7 - 2 0 5 0 . 7 4 1 0 9 . 1 8
0 . 0 0 1 6 2 9 7 3 8 . 9 3 - 2 0 4 3 . 6 5 1 1 2 . 9 2
0 . 0 0 1 6 6 6 7 3 4 . 7 9 - 2 0 4 6 . 5 7 1 1 6 . 6 3
0 . 0 0 1 7 4 3 7 3 4 . 6 4 - 2 0 4 4 . 5 0 1 2 0 . 3 2
0 . 0 0 1 6 0 0 7 3 2 . 5 0 - 2 0 4 2 . 4 3 1 2 3 . 9 9
0 . 0 0 1 3 5 7 7 3 0 . 3 4 - 2 0 4 0 . 3 7 1 2 7 . 4 4
0 . 0 0 1 9 1 4 7 2 8 . 2 1 - 2 0 3 8 . 3 2 131 . 26
0 . 0 0 1 9 7 1 7 2 4 . 0 7 - 2 0 3 6 . 2 7 1 3 4 . 8 7
0 . 0 0 2 3 0 0 7 1 7 . 5 0 8 4 0 . 4 6 1 1 9 . 8 3
0 . 0 0 2 9 0 0 7 0 2 . 5 0 7 9 9 . 4 0 1 0 8 . 4 7
0 . 0 0 3 5 0 0 6 8 7 . 5 0 7 5 8 . 9 0 9 8 . 4 2
0 . 0 0 4 1 0 0 6 7 2 . 5 0 7 1 8 . 9 3 8 9 . 6 0
0 . 0 0 4 7 0 0 6 5 7 . 5 0 6 7 9 . 4 6 8 1 . 9 4
0 . 0 0 5 3 0 0 6 4 2 . 5 0 6 4 0 . 4 6 7 5 . 3 7
0 . 0 0 5 9 0 0 6 2 7 . 5 0 6 0 1 . 9 0 6 9 . 8 2
0 . 0 0 6 5 0 0 6 1 2 . 5 0 5 6 3 . 7 3 6 5 . 2 2
0 . 0 0 7 1 0 0 5 9 7 . 5 0 5 2 5 . 9 4 4 1 . 4 8
0 . 0 0 7 7 0 0 5 8 2 . 5 0 4 8 8 . 4 9 5 8 . 5 3
0 . 0 0 8 3 0 0 5 6 7 . 5 0 4 5 1 . 3 4 5 6 . 2 8
0 . 0 0 8 9 0 0 5 5 2 . 5 0 4 1 4 . 4 6 5 4 . 4 7
0 . 0 0 9 5 0 0 5 3 7 . 5 0 3 7 7 . 8 1 5 3 . 5 9
0 . 0 1 0 1 0 0 5 2 2 . 5 0 3 4 1 . 3 6 5 2 . 9 8
0 . 0 1 0 7 0 0 5 0 7 . 5 0 3 0 5 . 0 7 5 2 . 7 5
0 . 0 1 1 3 0 0 4 9 2 . 5 0 2 6 8 . 8 3 5 2 . 4 3
0 . 0 1 1 9 0 0 4 7 7 . 5 0 23 2 . 5 1 5 2 . 3 1
0 . 0 1 2 5 0 0 4 4 2 . 5 0 1 9 6 . 13 5 1 . 8 7
0 . 0 1 3 1 0 0 4 4 7 . 5 0 1 5 9 . 74 51 . 40
0 . 0 1 3 7 0 0 4 3 2 . 5 0 1 2 3 . 3 7 5 0 . 9 8
0 . 0 1 4 3 0 0 4 1 7 . 5 0 8 7 . 0 6 3 0 . 7 0
0 . 0 1 4 9 0 0 4 0 2 . 5 0 5 0 . 8 5 5 0 . 6 4
0 . 0 1 5 5 0 0 3 8 7 . 5 0 14 . 71 5 0 . 7 4
0 . 0 1 6 1 0 0 3 7 2 . 5 0 - 2 1 . 5 7 5 0 . 5 5
0 . 0 1 6 7 0 0 3 5 7 . 5 0 - 5 8 . 0 3 4 9 . 9 1
0 . 0 1 7 3 0 0 3 4 2 . 5 0 - 9 4 . 7 1 •18.76
0 . 0 1 7 9 0 0 3 2 7 . 5 0 - 1 3 1 . 6 5 4 7 . 01
0 . 0 1 8 5 0 0 3 1 2 . 5 0 - 1 6 8 . 8 9 4 4 . 5 6
0 . 0 1 9 1 0 0 2 9 7 . 5 0 - 2 0 6 . 4 6 41 . 33
0 . 0 1 9 7 0 0 2 8 2 . 5 0 - 2 4 4 . 4 1 3 7 . 2 2
0 . 0 2 0 3 0 0 7 4 7 . 5 0 - 2 8 2 . 7 8 3 2 . 1 3
0 . 0 2 0 9 0 0 2 5 2 . 5 0 - 3 2 1 . 6 1 2 5 . 9 6
1 . 0 2 1 5 0 0 2 3 7 . 5 0 - J o O . 9 3 i S . 6 *
. 0 7 210 0 . t - . JU 4 0 0 . 83 10. 01
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* "  * tMppri.ttvtn*------m ru m r  T W .iv t  Vn
subroutine t e n p p r o t t e n p , h f , t f , t 12, tenp2 , n t o t , t i n e )  
c '  progran to  ca lc u la te  the tenpera tu r*  d i s t r i b u t i o n  in  a n n l t i  la y * r  disc
c I n p l i c i t  nethod (Crank-Nicolson) version
c Tho t in e  step is  0.0001 sec.
rea l k<300) 
in teger t t
connon k ,e , v ,g , t , c p ,d e
dinension e(300),v(300),g(300),t(300),te«p2<30,200),de(300),cp<300),teup<200> 
dinension a (200) , b ( 200) ,c< 200) ,d< 200)
c
c
do 201 iu y » l ,199 
te n p ( iu y )= t12 
201 continue 
c Four ie r  nunber
Fo=de l t*k (1)/(de<1 ) *c p (1) * t (1  ) * t ( l )) 




c nain t in e  step loop ' j '
c
w r i te (A ,1 0 1 )
101 f o r n a t d x /  Hou nany t in e  steps do you r e q u i r e , ' , / ,
S' hou long should each t in e  step b e , ' , / ,
S' and a f te r  how nany t in e  steps should the data be p r in ted  o u t ' , / ,
S' exanple 3 0 0 , 0 . 1 , 2 3 ' , / , '  t in e  is  in seconds ', / )  
read(3,102) i s t e p s , d e l t , i p r  
102 fo rn a t (v )
do 10 j * 1, is te p s
c
c set up t r i - d ia g o n a l  c o e f f i c ie n ts
c
c note a d )  and cdO ) are not used
c
t * n * t * e p (n to t )
c a l l  t e n p b o u n d ( t f , h f , t i n e ,d e l t , d a n g le , t i l , t e n )
t in c s jn d e l t
l i * h fe td ) /k d )
F o = d e l t * k d ) / ( d e d ) o c p d ) t t d ) * t d ) )
b d  )*»UFo+Fe+1
C ( 1 ) = ' F 0
d (n = 2 *S i*F o n tf - { lin F ^ F o -1  ) * te n p d  l+FoHenpt2)

c so lu t io n  is  r e t u r n e d  in  ' te n p '
dinension a (200), b ( 200),c(200), d ( 200) , ga««a<200),t*«p2<50,2*0), beta(2*0), t*np(2*0>
c
c i n i t i a l i s a t i o n
c
$anna(1 )=d <1) / b ( 1) 
b e ta d ) = b ( 1)
c
c f i r s t  loop fo r  gannas and betas
c
do 100 i= 2 ,n -1
b e ta ( i ) = b ( i ) - a ( i ) * c ( i - 1 ) / b e t a ( i - 1 >
100 ganna(i)  = ( d d ) - a { i ) * g a * n a ( i - 1 )>/b e ta f i )
c
c second loop i n i t i a l i s a t i o n
c
tm p (a )  = (d (n )-a(n)«ganna(n-1) ) / (b < n ) -a (n )» (c ( n - 1) / b e ta tn -1) ) )  
l=n*1
c
c second loop fo r  so lu t io n
c
do 200 i = 1,n -1 
200 t e * p ( n - i ) = g a n n a ( n - i ) - c ( n - i ) * t e n p ( l - i ) / b e ta ( n - i ) 
re tu rn  
end
r  1 8 :4 8  0 . 2 7 8  1
APPENDIX COMPARISON TPANSIENT ANALYSIS
T E M P E R A T U R E S  I N  THE SLAB : I  H P l  I C I T  MEI HOT i
I. IBS 4 4 4  T 1 T 3 4 5 6 7 8 0 IG b o u n d . i r v
2 . 7 1 2 0 0 .  3 7 6 . 9 1 3 2 2 . 1 5 2 3 1 . 7 0 2 5 1 . 9 3 2 3 1 . 2 7 2 1 7 . 7 3 2 0 9 . 3 1 2 0 4 . 3 0 2 0 1 . 3 5 1 9 9 . 5 4 2 0 0 . 0 0
5 . 4 1 2 0 0 .  4 3 4 . 2 5 3 8 1 . 5 0 3 3 9 . 2 6 3 0 4 . 1 2 2 7 5 . 6 9 2 5 3 , 3 0 2 3 o . 06 2 2 2 . 9 6 2 1 3 . 0 1 2 0 5 .  Gli 7 0 0 . GO
1 2 0 0 .  4 7 7 . c e . 2  1 . 8 0 3 7 9 . 3 3 3 4 3 .  5 1 31 1 . 4 7 2 8 4 . 5 7 2 6 1 . 8 6 24 2 . 7 2 2 2 6 . 2 9 2 1 1 . 7 3 2 0 0 . 0 0
i O . 8 1 2 0 0 .  501 . 1 6 4 5 1 . 8 0 4 1 0 . 3 5 3 7 2 . 8 9 3 3 9 . 3 4 3 0 9 . 4 7 2 8 2 . 8 9 259 . 10 2 3 7 . 5 0 2 1 7 . 4 0 7 0 0 . 0 0
13. 3. . 1 2 0 0 .  5 2 2 . 9 4 4 7 4 . 7 2 4 3 3 . 7 3 3 9 5 . 8 2 3 6 0 . 9 2 3 2 8 . 8 5 2 9 9 . 3 4 2 7 2 . 0 0 2 4 6 . 3 6 2 2 1 . BV 2 0 0 . 0 0
14 . ? 1 2 0 0 .  5 3 9 . 6 ? 4 9 2 . 3 7 4 5 1 . 7 5 4 1 3 . 5 0 3 7 7 . 5 8 3 4 3 . 8 5 3 1 2 . 0 9 2 8 2 . 0 1 2 5 3 . 2 4 2 2 5 . 3 9 2 0 0 . 0 0
18 . 9 1 2 0 0 .  5 5 2 . 6 1 5 0 5 . 9 9 4 6 5 . 6 6 4 2 7 .  1 5 3 9 0 . 4 5 3 5 5 . 4 3 321 . 94 2 8 9 . 7 4 2 5 8 . 5 6 2 2 8 . 0 9 2 0 0 . 0 0
21 . 4 1 2 0 0 .  5 6 2 . 5 9 5 1 6 . 5 0 4 7 6 . 3 9 4 3 7 . 6 9 4 0 0 . 3 8 3 6 4 . 3 7 3 2 9 . 5 4 2 9 5 . 7 2 2 6 2 . 6 7 2 3 0 . 1 7 2 0 0 . 0 0
2 4 . 3 1 2 0 0 .  5 7 0 . 2 8 5 2 4 . 6 1 4 8 4 . 6 7 4 4 5 . 8 3 4 0 8 . 0 5 3 7 1 . 2 8 3 3 5 . 4 2 3 0 0 . 3 3 2 6 5 . 8 5 2 3 1 . 7 8 2 0 0 . 0 0
2 7 . 0 1 2 0 0 .  3 7 6 . 2 3 3 3 0 . 8 7 4 9 1 . 0 7 4 5 2 . 1 1 4 1 3 . 9 7 3 7 6 . 6 1 3 3 9 . 9 5 3 0 3 . 8 9 2 6 6 . 3 0 2 3 3 . 0 3 2 0 0 . 0 0
2 9 . 7 1 2 0 0 .  5 8 0 . 8 1 5 3 5 . 7 1 4 9 6 . 0 1 4 5 6 . 9 5 4 l o . 5 4 3 8 0 . 7 2 3 4 3 . 4 5 3 0 6 . 6 4 2 7 0 . 1 9 2 3 3 . 9 9 2 0 0 . 0 0
3 2 . 4 1 2 0 0 .  3 6 4 . 3 6 5 3 9 . 4 4 4 9 9 . 8 2 4 6 0 . 7 0 4 2 2 . 0 7 3 5 3 . 9 0 3 4 6 . 1 5 3 0 8 . 7 6 2 7 1 . 6 5 2 3 4 . 7 3 2 0 0 . 0 0
33 . 1 1 2 0 0 .  5 8 7 . 0 9 5 4 2 . 3 2 5 0 2 . 7 6 4 6 3 . 5 9 4 2 4 . 7 9 3 3 6 . 3 5 3 4 6 . 2 4 3 1 0 . 4 0 2 7 2 . 7 8 2 3 5 . 3 0 2 0 0 . 0 0
3 7 . 8 1 2 0 0 .  5 8 9 . 2 0 5 4 4 . 5 5 5 0 5 . 0 3 4 6 5 . 8 2 4 2 6 . 8 9 3 8 8 . 2 5 3 4 9 . 8 5 3 1 1 . 6 7 2 7 3 . 6 5 2 3 5 . 7 4 2 0 0 . 0 0
4 0 . 5 1 2 0 0 .  5 9 0 . 8 3 5 4 6 . 2 7 5 0 6 . 7 9 4 6 7 . 5 4 4 2 8 . 5 2 3 8 9 . 7 1 3 5 1 . 0 9 3 1 2 . 6 4 2 7 4 . 3 2 2 3 6 . OB 2 0 0 . 0 0
4 3 . 2 1 2 0 0 .  5 9 2 . 0 9 5 4 7 . 5 9 5 0 8 . 1 4 4 6 8 . 8 7 4 2 9 . 7 7 3 9 0 . 6 4 3 5 2 . 0 5 3 1 3 . 4 0 2 7 4 . 8 4 2 3 6 . 3 5 2 0 0 . 0 0
4 5 . 9 1 2 0 0 .  5 9 3 . 0 6 5 4 8 . 6 1 5 0 9 . 1 9 4 6 9 . 8 9 4 3 0 . 7 4 3 9 1 . 7 1 3 5 2 . 8 0 3 1 3 . 9 8 2 7 5 . 2 4 2 3 6 . 5 5 2 0 0 . 0 0
4 6 . 4 1 2 0 0 .  5 9 3 . 8 1 5 4 9 . 4 0 5 0 9 . 9 9 4 7 0 . 6 9 431 . 49 3 9 2 . 3 8 3 5 3 . 3 7 3 1 4 . 4 3 2 7 5 . 5 5 2 3 6 . 7 1 2 0 0 . 0 0
3 1 . 3 1 2 0 0 .  3 9 4 . 3 9 5 5 0 . 0 1 5 1 0 . 6 2 4 7 1 . 3 0 4 3 2 . 0 6 3 9 2 . 9 0 3 5 3 . 8 1 3 1 4 . 7 7 2 7 5 . 7 9 2 3 6 .  e.~. 2 0 0 . 0 0
5 4 . 0 i 2 C 0 .  5 9 4 . 6 4 5 5 0 . 4 9 5 1 1 . 1 0 4 7 1 . 7 7 4 3 2 . 5 1 3 9 3 . 3 0 3 5 4 . 1 5 3 1 5 . 0 4 2 7 5 . 9 7 2 3 6 . 9 ? 2 0 0 . 0 0
5 6 . 7 1 2 0 0 .  5 9 5 . 1 8 5 5 0 . 8 5 5 1 1 . 4 7 4 7 2 . 1 4 4 3 2 . 8 5 3 9 3 . 6 1 3 5 4 . 4 1 3 1 5 . 2 5 2 7 6 . 1 1 2 3 6 . 9 ? 2 0 0 . 0 0
5 9 . 4 1 2 0 0 .  5 9 5 . 4 5 5 3 1 . 1 3 5 1 1 . 7 5 4 7 2 . 4 2 4 3 3 . 1 2 3 9 3 . 8 5 3 5 4 . 6 2 3 1 5 . 4 1 2 7 6 . 2 2 2 3 7 . 0 5 2 0 0 . 0 0
42 . 1 1 2 0 0 .  5 9 5 . 6 5 5 5 1 . 3 5 5 1 1 . 9 8 4 7 2 . 6 3 4 3 3 . 3 2 3 9 4 . 0 4 3 5 4 . 7 7 3 1 5 . 5 3 2 7 6 . 3 1 2 3 7 . 0 9 2 0 0 . 0 0
6 4 . 6 1 2 0 0 .  5 9 5 . 8 1 5 5 1 . 5 1 5 1 2 . 1 5 4 7 2 . 8 0 4 3 3 . 4 8 3 9 4 . 1 8 3 5 4 . 8 9 31 S . 63 2 7 6 . 3 7 2 3 7 . 1 3 2 0 0 . 0 0
4 7 . 5 1 2 0 0 .  5 9 5 . 9 3 5 5 1 . 6 4 5 1 2 . 2 8 4 7 2 . 9 3 4 3 3 . 6 0 3 9 4 . 2 9 3 5 4 . 9 9 3 1 5 . 7 0 2 7 6 . 4 2 2 3 7 . 1 5 2 0 0 . 0 0
7 0 . 2 1 2 0 0 .  5 9 6 . 0 3 5 5 1 . 7 4 5 1 2 . 3 8 4 7 3 . 0 3 4 3 3 . 7 0 3 9 4 . 3 7 3 5 5 . 0 6 3 1 5 . 7 6 2 7 6 . 4 6 2 3 7 . 1 7 2 0 0 . oo
7 2 . 9 1 2 0 0 .  5 9 6 . 1 0 5 5 1 . 8 2 5 1 2 . 4 6 4 7 3 . 1 1 4 3 3 . 7 7 3 9 4 . 4 4 3 5 5 . 1 2 3 1 5 . 8 0 2 7 6 . 4 9 2 3 7 .  1 9 2 0 0 . 0 0
7 5 . 6 1 2 0 0 .  5 9 6 . 1 6 5 3 1 . 8 8 5 1 2 . 5 2 4 7 3 . 1 7 4 3 3 . 8 2 3 9 4 . 4 9 3 5 5 . 1 6 3 1 5 . 6 3 2 7 6 . 5 1 2 3 7 . 7 0 2 0 0 . 0 0
7 8 . 3 1 2 0 0 .  5 9 6 . 2 0 5 5 1 . 9 3 5 1 2 . 5 7 4 7 3 . 2 1 4 3 3 . 8 7 3 9 4 . 5 3 3 5 5 . 1 9 3 1 5 . 8 6 2 7 6 . 5 3 2 3 7 . 2 1 2 0 0 . 0 0
81 . 0 1 2 0 0 .  5 9 6 . 2 3 5 5 1 . 9 6 5 1 2 . 6 0 4 7 3 . 2 5 4 3 3 . 9 0 3 9 4 . 5 6 3 5 5 . 2 2 3 1 5 . 6 8 2 7 6 . 5 5 2 3 7 .  21 2 0 0 . 0 0
8 3 . 7 1 2 0 0 .  5 9 6 . 2 6 5 5 1 . 9 9 5 1 2 . 6 3 4 7 3 . 2 8 4 3 3 . 9 3 3 9 4 . 5 8 3 5 5 . 2 4 3 1 5 . 9 0 2 7 6 . 5 6 2 3 7 . 2 2 2 0 0 . 0 0
8 6 . 4 1 2 0 0 .  5 9 6 . 2 8 3 5 2 . 0 1 5 1 2 . 6 5 4 7 3 . 3 0 4 3 3 . 9 5 3 9 4 . 6 0 3 5 5 . 2 5 3 1 5 . 9 1 2 7 6 . 5 7 2 3 7 . 2 2 2 0 0 . 0 0
89 . 1 1 2 0 0 .  5 9 6 . 3 0 5 5 2 . 0 3 5 1 2 . 6 7 4 7 3 . 3 1 4 3 3 . 9 6 3 9 4 . 6 1 3 5 5 . 2 6 3 1 5 . 9 2 2 7 6 . 5 7 2 3 7 . 2 3 2 0 0 . 0 0
91 . 8 1 2 0 0 .  5 9 4 . 3 1 5 5 2 . 0 4 5 1 2 . 6 8 4 7 3 . 3 3 4 3 3 . 9 7 3 9 4 . 6 2 3 5 5 . 2 7 3 1 5 . 9 2 2 7 6 . 5e 2 3 7 . 2 3 2 0 0 . 0 0
9 4 . 5 1 2 0 0 .  5 9 6 . 3 2 5 5 2 . 0 5 5 1 2 . 6 9 4 7 3 . 3 4 4 3 3 . 9 8 3 9 4 . 6 3 3 5 5 . 2 8 3 1 5 . 9 3 2 7 6 . 5 6 2 3 7 . 2 3 2 0 0 .  OO
9 7 . 2 1 2 0 0 .  5 9 4 . 3 2 5 5 2 . 0 6 55 2 . 7 0 4 7 3 . 3 4 4 3 3 . 9 9 3 9 4 . 6 4 3 5 5 . 2 9 3 1 5 . 9 3 2 7 6 . 5 8 2 3 7 . 7 3 2 0 0 . 0 0
9 9 . 9 1 2 0 0 .  5 9 6 . 3 3 5 5 2 . 0 6 5 1 2 . 7 1 4 7 3 . 3 5 4 3 4 . 0 0 3 9 4 . 6 4 3 5 5 . 2 ? 3 1 5 . 9 4 2 7 6 . 5 9 2 3 7 . 2 3 2 0 0 . 0 0
1 0 2 . 6 1 7 0 0 .  5 9 6 . 3 3 5 5 2 . 0 7 5 1 2 . 7 1 4 7 3 . 3 5 4 3 4 . 0 0 3 9 4 . 6 5 3 5 5 . 2 9 3 1 5 . 9 4 2 7 6 . 5 9 2 3 7 . 2 4 7 0 0 . 0 0
i 0 5 . 3 1 2 0 0 .  3 9 6 . 3 4 5 5 2 . 0 7 5 1 2 . 7 1 4 7 3 . 3 6 4 3 4 . 0 0 3 9 4 . 6 5 3 5 5 . 3 0 3 1 5 . 9 4 2 7 6 . 5 9 2 3 7 . 2 4 2 0 0 . 0 0
1 0 8 . 0 1 2 0 0 .  5 9 6 . 3 4 5 5 2 . 0 7 5 1 2 . 7 ? 4 7 3 . 3 6 4 3 4 . 0 1 3 9 4 . 6 5 3 5 5 . 3 0 3 1 5 . 9 4 2 7 6 . 5 9 2 3 7 . 2 4 2 0 0 . 0 0
1 1 0 . 7 1 2 0 0 .  5 9 6 . 3 4 5 5 2 . 0 7 5 1 2 . 7 2 4 7 3 . 3 6 4 3 4 . 0 1 3 9 4 . 6 5 3 5 5 . 3 0 3 1 5 . 9 4 2 7 6 . 5 9 2 3 7 . 2 4 2 0 0 . 0 0
1 1 3 . 4 1 2 0 0 .  5 9 6 . 3 4 5 3 2 . 0 7 5 1 2 . 7 2 4 7 3 . 3 6 4 3 4 . 0 1 3 9 4 . 6 5 3 5 5 . 3 0 3 1 5 . 9 5 2 7 6 . 5 9 2 3 7 . 2 4 2 0 0 . 0 0
Tu, T, Tz t 3 T* Ts T t
0 5 1 7 , 0  0 2  4 6 - 4 6 2 0 0 Z o o 2 . 0  O 2 0 0 ZOO
\ o \ X o  © 3 2 8  - 6 4 2 2  4 - 7 5 Z o o 2 0  0 2 0 0 Z o o
1*5 IXOO 3 4 - V 5 6 2 5 5 - 6 7 X o f - 1 7 2 0 0 Z o o z o o
2-0 l l o o 2 6 6  0 2 2 6 8 - 6 3 220-68 2 0 6  8 3 Z o o Z o o
* 5 1 X 0 0 ■ 5 8 K O 2 8 4 - 0 6 Z Z 4  4 0 2 0 7 - 4 6 Z o o  6 7 Z o  0
3 - 0 1 2 . 0 0 3 4  5 - 4 6 2 4 7 - 4 1 Z 3  4  6 8 2 1 2 - 3 4 -Z.OZ- 65 Z o o
3  5 1X00 4 - 0 7 - 7 6 3 0 3 - 8 4 - 2 4 4 - 0 5 Z | 7 - 7 8 2 o 4 - « 7 ZOO
4 - o i l o o 4 1 4  0 3 3 2 1 - 2 4 2 5 8  15 2 2  3  4 2 2 0 7  33 z o o
4 "  5 »Z o o 4 2 4 - 3 4 3 3  1 - 4 6 2 6 6  71 2 Z 4 I 7 2 1  o - o 3 z o o
5 - 0 U o o 4 3 7 - 0 1 ? 4 l  4 5 Z 7 5  3 5 Z 3 4 - 4 J Z I 2 Q 4 z o o
S 3 I l O o 4 4 8  2 6 3 5 1 - 3 4 Z S 3  4 8 2 4 0 - 5 4 2 1 5 . ^ Z o o
6 -C? v z o o 4 - ^ 5  8 3 - 6 0 - Z 8 2 4 1 3 2 Z 4 6 - ( t 2 1 8  S Z Z o o
6 >-S I l o o 4 6 4  4 3 3 6 8  6 4 2 4 8 * 6 1 2 5 2  - 4 4 Z 2 I - 3 2 2 0 0
70 1 2 . 0 0 4 - 7 1 - 4 2 3 7 6 - 6 0 3 0 5  4 8 2 5 7  0 © 2 2 4 - 3 0 Z o o
7 - 5 I Z o o 4 7 6  4 4 3 8 4 - 2 0 H Z - 6 8 2 6 2 - 0 6 Z Z 6  4 i Z o o
6 0 \ 2 ~ o o 4 8 6  0 4 3 4 1 - 3 0 3 v 4 - 4 3 2 6 6 - 8 4 - 2 2 4 - 4 6 Z o o
X rw p V v.C -l4  JTVn £-~VV\jC>A (  <-£>/w£>w.t-Q r O u t p w . 4 /
2 - 7 I  Z o o 3 7 6  51 2  8 1 - 7 0 Z J t - 2 7 2 © 4  3 l 2 o \ - 3 5 Z o o
?  4 I Z o o 4 3  4 - Z 5 3 3 4  Z 6 2 7 5 - 6 4 2 3 6 - 0 6 Zl 3-01 Z o o
8  V \2 -0 0 4 7 2  - 6 8 3 7 4  8 3 * 1 1 - 4 7 26 I -B8 2 2 6  Z ^ Z o o










APPENDIX 4.3 LIFTING OF GPAPHICS FPOGRAW
g ra p .fo r tra a  07/07/84 1142.4 bst Hon
dineasioa x ( 20, 200>,y<20, 200) ,z< 20, 200>,q<20, 200) , a ( 200) ,b<200)
ex te raal p lo t_ tse tup<descr ip to rs )
exteraal p lo t  (de scnp to rs )






i f ( a u a . l t . 0 .5 )  aoto SO
aun=aua-1
i * i *1
20 read<14,100) l in e
i f ( l i a e . e q . I s . a n d . p l o p . g t . 0.5) goto 10 
i f ( l i a e . e q . I s . aad.p lo p . I t . 0.5) plop=plop+1 
goto 20 
10 read(14,100) Uae 
read(14,100) l ia e  
read(14,100) l ia e  
read t16,100) l ia e  
40 read(14,110) x ( i , j ) , y ( i , j ) , z ( i , j  ) , q ( i , j ) 
i f ( x ( i , j ) . e q . 0 . 0 >  goto 30 
J * j4 l  
goto 40 
SO coatioue 
j = j -1
xaax=x(1, 1) 
xn ia=x(1, 1) 





ya ia2=q(1, 1) 
do 51 i r = 1, j  
do 52 is= 1, i
i f ( x a a x . l t . x ( i s , i ) ) xaax=x(is i r )
i f ( x a i a . g t . x ( i s , i )) xn in=x( is i  r )
i f ( y n a x . l t . z ( i s , i )) yaax=z(is i r )
i f ( y a i a . g t . z ( i s , i )) ynia=z< is i r )
i f  ( y a a x l . l t . y d s , r ) ) ynax3=y< s, i r )
i f ( y a i a 3 . g t . y ( i s , r ) ) yaia3=y( s , i r >
i f  (?aax2 . K . o ( i t ; r ) > yaax2=q' s, i r )
i f ( y n i » 2 . 9t . q ( i s , i r > )  y n in 2 =q(fi», ,,'fr*)
52 continue 
51 continue 
i r e p t= i
c a l l  p l o t i s e t u p C r a d i a l  s t ress  d i s t r i b u t i o n " , " dep th " ,"s tress", I ,O eO ,2 ,0 ) 
c a l l  p lo t_ tsca le (xn in ,x f iax ,y« ia ,yM ax)
55 do 60 i r - \ t j  
a ( i r ) * x ( i , i r )  
b ( i r ) = z ( i , i r )
60 continue
c a l l  p lo t  ( a , b , j , 1, “ " )
i = i - 1
i f ( i . 9t . 0 . 5 ) goto 55 
i= i r e p t
c a l l  p lo t_ *s e tu p ( "a x ia l  s tress d i s t r i f c u t i o n " , ’ d e p th " , " s t re s s " ,1, 0e8, 2, 0) 
c a l l  p lo t_ ts c a le (x n in ,x n a x ,y n in 2 ,ynax2>
56 do 61 i r =1, j  
a ( i r ) = x ( i , i r )  
b ( i r ) = q ( i , i r )
61 continue
c a l l  p l o t _ ( a , b , j , 1 ")
1 = 1 - 1
i f ( i . 9t . 0 .S) 9oto 56 
i= i r e p t
c a l 1 p lot_»setup("temperature d i s t r i b u t i o n " , ’ de p th " , “ temperature",1 ,0e0 , 2 ,0 ) 
c a l l  p lo t_ lsca le (xn in ,xnax ,yA in3 ,ynax3)
57 do 62 i r = ? , j  
a ( i r ) = x ( i , i r )  
b ( i r ) = y ( i , i r )
62 continue
c a l l  p lo t  ( a , b , j f 1, "  " )  
i = i -1
i f ( i . 9t .0 .5 )  9oto 57 
100 f o r n a U a l )
110 f o r n a t ( 2 x , f 8 .6 ,3 f 14.2)
120 fo rn a t ( "e n te r  number of ou tputs")
130 fo rm a t ! i3 )  
stop 
end
r  11:42 0.400 3
APPENDIX 4.9 EXAMPLE COMPUTE? RUNS
EX/\n?LE 1
lmm THICK COATING 
10mm THICK SUBSTRATE 




i f  you re q u i re  a b r i e f  o u tp u t  en te r  1, a b r i e f  m oo t  e n te r  2, 
both e n te r  3, f o r  a c o n ven t iona l  run en te r  0.
0_
en te r  number o f  se ts  o f  c a lc u la t io n s  to  be performed
1 O r \ « _  C o A c  v A  <\\r\ o »■*
i f  m a te r ia ls  have graded s t r u c t u r e  o r  more than tuo m a te r ia ls  are used 
en te r  a 1, o the rw ise  en te r  a 0
Q — ”\w»o fv\ m.Vc/
i f  temperature dependant p ro p e r t ie s  given on sub rou t ine  " p r o p e r t i e s '  
e n te r  a 1, o the rw ise  e n te r  a 0
0_
i f  t r a n s ie n t  s o lu t io n  is  re q u i re d  en ter  number of cyc les  
i f  a steady s ta te  s o lu t i o n  is  re q u i re d  en te r  a 0
en te r  1 i f  r e s id u a l  s t resses  are to  found from plasma spray ing  
o therw ise  type a 0
0 —  NjoV- »vv-V*jet'VftA tv* f  «_s i <x\ S-V i cS5>es
f o r  co a t ing  and base e n te r ,  th ic k n e s s ,  tem pera tu re ,  heat t r a n s fe r  coef 
o v e ra l l  d iameter , datum temperature and pressure - where app ro p r ia te  
but f i r s t ,  do you re q u i re  more in fo rm a t io n ;  y or n
example inpu t
1e -3 ,1Oe-3,100,200,0 ,0 ,86e-3,0,0
cuating thickness 1e-3 metres, v jb s t ra te  thickness 10e-3 metres 
surface of coating 100K, surface of substrate 200k, 
heat t rans fe r  c o e f f i c ie n ts  not needed i f  surface temperatures given 
diameter 86e-3 meters, s tress free temperature 0 k, pressure drop 0 bar
example input 
1e -3 ,10e -3 ,1000,600,400,200,86e-3,280,1e5 
as above except, gas cond it ions on top face 1000 k, 400w/mk 
bnttom face 600 k, 200w/mk
component is  s tress free at 280 k, and a 1e3 n/m2 pressure drop ex is ts .
\ Co<vV IO  /w«v*. Su\>Sire.V<_
C c _ r c  our W h o 1"  o .^ AvK
-  t > v S c
1g-3,22e-3,900 .20Q.0 .0 .8<6e-3.0 .0  
prtter youngs mod, thermal cond, poisson r a t i o ,  thermal exp, heat c a p a c i ty ,  d e n s i ty  f o r  ceramic and metal 
but f i r s t ,  do you re q u i re  more in fo rm a t io n ;  y or n.
T  *
exanpl *  input
300e9,200e9.1 , 3 0 , 0 . 2 3 , 0 . 3 T3 e -6 f 1 0 e -4 .0 ,0 ,0 ,0
c e ran ic  p ro p e r t ie s  e=300e9n/n2, k=1«/n2, poissons r a t in = 0 .2 3 ,
t h e m a l  expansion=3e-6.
n e ta ls  p ro p e r t ie s  e=200e9N/*2, k=30u/n2, poissons r a t io = 0 .3 ,  
thermal e x p a ns ion sO e -6 .
t h e m a l  c a p a c i ty  and d e n s i ty  are not needed fo r  S.S. c a le u a l t io n s  
exanple inpu t
300e9,200*9,1 , 3 0 . 0 . 2 3 . 0 . 3 , 3e-6,1 O e-6 ,400,600,2000,5000
sane as above but thena l ca p a c i ty  f o r  the ce ran ic  is  400 and d e n s i ty
f o r  n e ta l  capac i ty  is  600 and d e n s i ty  is  5000
3Q O e9,2Q O e 9 ,1 ,3 0 ,0 .2 3 ,0 .3 ,1 0 e -6 .2 3 e-6 ,0 ,0 ,0 ,0
e n te r  nunber of s t r i p s  to  be used in  ce ra n ic  and n e ta l  layers
ie :  35,35 : U n i t  150 s t r i p s
35,35
i f  d isc i s  a x i a l l y  r e s t r a in e d  en te r  a 0 
i f  d isc  is  f r e e  to d e fom  e n te r  -1








RADIUS OF CURVATURE 
CENTRAL IISPIACEHENT 











2 . 0 1 1  XU
DEPTH TEHPERATURE STRESS 1* )  STRESS (A)
1.000014
4 .000043












3oo OPe 1 x > o  G * h
K 1
o n 03
X \0,vo'to t 0
35 w. Co<*> 15
"0.000071 775.27 183.31 -0 .4 2
0.000100 763.38 144.93 -0 .3 7
0.000129 753.49 106.36 -0 .68
0.000137 745.60 67.81 -0 .75
0.000186 735.71 29.27 -0.78
0.000214 725.82 -9 .27 -0 .79
0.000243 713.93 -47.82 -0 .84
0.000271 706.04 -86.38 -0 .93
0.000300 696.13 -124.95 -1.06
0.000329 686.26 -163.53 -1 .2 2
0.000357 676.37 -202.12 -1 .4 3
0.000386 666.48 -240.73 -1 .67
0.000414 636.59 -279.33 -1 .95
0.000443 646.70 -317.97 -2 .2 7
0.000471 636.81 -356.61 -2 .6 3
0.000500 626.92 -3*5 .27 -3 .03
0.000529 617.03 -433.93 -3.44
0.000557 607.14 -472.60 -3 .9 3
0.000586 597.25 -511.28 -4 .43
0.000614 387.36 -549.98 -4 .9 8
0.000643 577.47 -588.69 -5.54
0.000671 567.58 -627.40 -6.18
0.000700 557.69 -664.13 -6 .13
0.000729 547.80 -704.87 -7 .52
0.000757 537.91 -743.62 -8 .24
0.000786 528.02 -782.38 -9.01
0.000814 518.13 -8 2 ’ .15 -9 .80
0.000843 508.24 -859.93 -10.64
0.000871 498.35 -898.72 -11.50
0.000900 488.46 -937.53 -12 .40
0.000929 478.57 -976.34 -13.34
0.000957 468.68 -1015.16 -14.31
0.000986 458.79 -1054.00 -15 .32
0.001314 450.22 871.61 -15 .32
0.001943 442.97 817.06 -31 .40
0.002371 433.71 763.29 -45.65
0.003200 428.46 710.26 -38.18
0.003829 421.21 657.93 -69.09
0.004457 413.96 606.23 -78 .46
0.005086 406.70 555.18 -86.41
0.005714 399.45 504.68 -93 .05
0.006343 392.20 454.69 -98 .48
0.006971 384.95 403.17 -102.81
0.007600 377.69 356.07 -106.17
0.008229 370.44 307.34 -108.66
0.008857 363.19 258.93 -110.41
0.009486 355.93 210.79 -111.53
0.010114 348.68 162.86 -112.15
'• .010743 341.43 113.10 -117.38
•.011371 334.18 67.41 -112.44
4.012000 326.92 19.67 -112.64
4.012629 319.67 -28.08 -112.84
•.013257 312.42 -75 .87 -113.16
4.013886 305.16 -123.82 -113.83
4.014514 297.91 -171.98 -11 4.99
•.015143 290.66 -220.40 -116.77
4.013771 283.41 -269.14 -119.28
4.016400 276.15 -318.75 -122.46
4.017029 268.90 -367.79 -127.04
4.017657 261.63 -417.81 -132.55
4.018286 754.40 -468.38 -139.33
4.018914 247.14 -519.55 -147.52
4.019543 739.89 -571.39 -157.26
4.020171 232.64 -623.95 -148.70
4.020800 225.38 -677.30 -181.98
0.021429 218.13 -731.51 -197.27
4.022057 210.88 -786.65 -214.71
4.022686 203.63 -842.78 -234.48
S T O P
r  15:03 1.956 23
£XNHPLE Z
1mm THICK COATING 
10mm THICK SUBSTRATE 
FIXED TEMPERATURE DROP BETWEEN FACES 
AXIALLY FREE TO DEFORM
t ra n s
i f  you re q u i re  a b r i e f  o u tpu t  en ter  1, a b r i e f  in p u t  e » te r  2, 
bo th  en te r  3, f o r  a c o n ven t iona l  run e n te r  0.
_0
e n te r  number o f  sets o f  c a lc u la t io n s  to  be performed
J_
i f  M ateria ls  have graded structure o r  nore than tuo Materials are used 
e n te r  a 1 , otherwise enter a 0
0_
i f  tenpe ra tu re  dependant p ro p e r t ie s  given on s u b ro u t in e  "p ro p e r t ie s *  
e n te r  a 1, o therw ise  en te r  a 0
<1
i f  t r a n s ie n t  s o lu t io n  is  re q u i re d  en ter  nunber of cyc les  
i f  a steady s ta te  s o lu t io n  is  req u i re d  en te r  a 0
0_
e n te r  1 i f  r e s id u a l  s t resses  a re  to  found from plasna spray ing  
o the rw ise  type a 0
0_
f o r  c o a t in g  and base e n te r ,  th ic k n e s s ,  tem pera tu re ,  heat t r a n s fe r  coef 
o v e r a l l  d iameter , datum temperature and pressure - where a p p ro p r ia te  
bu t  f i r s t ,  do vou re q u i re  more in fo rm a t io n ;  y or n
1e-3 ,22e-3 ,800,200,0 ,0 ,86e-3 ,0 ,0
e n te r  youngs nod, thermal cood, poisson r a t i o ,  thermal exp, heat c a p a c i ty ,  
bu t  f i r s t ,  do you re q u i re  more in fo rm a t io n ;  y or n.
n
30Qe9,200e9,1,30,0.23,0.3,10e-b,23e-6,0,0,0,0
e n te r  number o f  s t r i p s  to  be used in  ceramic and metal layers
i e :  35,35 : l i m i t  150 s t r i p s
35,35
i f  disc i s  a x ia l l y  res tra ined  enter a 0 
i f  disc is  f ree  to deform enter -1
fo r  a forced displacement enter rad ius of curvature
-1
dens i ty  fo r  ceramic and metal
C0ATIA6 BASE
Y8UA6S HOB 300.0000 300.0000 6Pa
TAERHAt COAD 1 .0000 30.0000 R/A2
THERMAL EIP 10.0000 23.0000 xlO-6
POISSOAS RATIO 0.2300 0.3000
DEPTH 0.0010 0.0220 A
RADIUS OF CURVATURE 4.84
CEATRAl DISPIACEHEAT 0.0002
DEPTH TO AA 0.0113
HEAT TRAASEER 2.011 HU
DEPTH TEHPERATURE STRESS (A) STRESS
Q.000014 795.05 -722.57 0.00
9.000043 785.16 -759.04 -0 .79
9.000071 775.27 -795.52 -1 .6 2
0.000100 765.38 -832.01 -2 .48
0.000129 755.49 -868.52 -3 .38
0.000157 745.60 -905.03 -4.31
0.000186 735.71 -941.55 -5 .28
0.000214 725.82 -978.09 -6 .2 8
0.000243 715.93 -1014.63 -7 .32
0.000271 706.04 -1051.19 -8 .39
9.000300 696.15 -1087.75 -9 .50
9.000329 686.26 -1124.33 -10.64
9.000357 676.37 -1160.91 -11 .82
9.000386 666.48 -1197.51 -13.03
0.000414 656.59 -1234.11 -14 .27
9.000443 646.70 -1270.73 -15 .55
0.000471 636.81 -1307.35 -16 .86
9.000500 626.92 -1343.99 -18 .20
9.000529 617.03 -1380.64 -19 .58
9.000557 607.14 -1417.29 -20 .99
9.000586 597.25 -1453.96 -22 .43
9.000614 587.36 -1490.63 -23.90
9.000643 577.47 -1527.31 -25.41
9.000671 567.58 -1564.01 -26 .95
9.000700 557.69 -1600.71 -28 .52
9.000729 547.80 -1637.42 -30 .12
9.000757 537.91 -1674.15 -31 .75
9.000786 528.02 -1710.88 -33 .42


















































































-125.78 -0 .0 2
S T O P
r  15:0? 11 .00? 0
EXMlPLE 3
lmm THICK COATING 
BONDCOAT
10mm THICK SUSTRATE
FIXED TEMPERATURE DROP BETWEEN FACES 
NO AXIAL MOVEMENT
trans
i f  you r e q u i r e  a b r i e f  o u tp u t  en te r  1? a b r i e f  inpu t  en te r  2, 
bo th  e n te r  3, f o r  a co nven t iona l  run en te r  0.
2
enter number of sets o f  c a l c u la t i o n  to be performed 
1_
i f  m a t e r i a l s  have g raded  s t r u c t u r e  o r  more th a n  two M a t e r i a l s  a r e  used  
e a t e r  a 1 ,  o t h e r w i s e  e n t e r  a 0
j _  —  T W « _  'wv.teJvxxV AaSC vS
l f  temperature deoenda it  p ro p e r t ie s  g ive *  on su b ro u t in e  " p r o p e r t i e s ’  
e n te r  a 1, o therw ise  en te r  a 0
0_
i f  t r a n s ie n t  s o lu t io n  is  re q u i re d  en ter  nunber o f  cyc les  
i f  a steady s ta te  s o lu t io n  i s  req u i re d  en te r  a 0
0_
e n te r  1 i f  r e s id u a l  s tresses  are to  found f r o *  plasma spray ing  
o the rw ise  type a 0
0^
e n te r  youngs nod, tb e rn a l  cond, poissons r a t i o ,  thermal exp, depth p ro p e r t ie s  extend, and nunber of e lenen ts  each s e c t io n  shou ld  be 
d iv ided  in to  
hen data conp le te  e n te r  a 0








U 0 f 0.3,24e-6,10e-3,40
0
The data g iven i s  f o r  th re e  la y e rs  each o f  a d i f f e r e n t  Material 
The f i r s t  has a Toungs nodulas o f  300t9 
Thermal c o n d u c t i v i t y  30 
Poissons r a t i o  0.23 
Thermal expansion 10e-6 
These p ro p e r t ie s  extend through a depth o f  1e-3n 
and t h i s  la ye r  i s  d iv id e d  in to  20 s t r i p s  
The u n i t s  must be c o n s is ta n t .
ike data is  concluded with a 0 
300*9
1.0 .23»1Qg-6t 1e -3T20 
220e9
3 0 .0 .2 3 .2 0 e -6 .0 .1 e - 5 ,10 
200*9
1 0 . 3 , 2 4 e - 6 , 1 0 e - 3 , 3 0
0
f o r  c o a t i n j  and base e n te r ,  heat t r a n s f e r  c o e f f ,  tempera tu re ,  o v e r a l l  d iameter aivj datum temperature  
bat f i r s t  do you re q u i r e  more in fo rm a t io n ;  "y "  or *■“
Te>^>
CoocV
3 o o  G-?>




i o  \jj /^M 
l bOuj/^







example inpu t  
0 ,0 ,4 0 0 ,2 0 0 ,86e-3 ,0
U i th  t h i s  se t  o f  data the top of the  d is c  is  a t  40AK the bottom a t  200R 
The d isc  is  86 mm in  d iam ete r .
1 *00 ,800 ,400 ,200 ,8A*-3 ,0
U i th  t h i s  se t  o f  data the top of the d isc  see a aas i000U/m2K,4O0K 
the bottom 800U/m2K,200K
0 .0 ,6 0 0 ,2 0 .86e -3 .0
b o o^6f
Sui^ OLUL 2.0
i f  d isc  is  a x i a l l y  r e s t r a in e d  en ter a 0 
i f  d isc  i s  f r e e  to deform e n te r  -1 
f o r  a fo rced  d isp lacement e n te r  ra d iu s  of c u rva tu re
R4IIUS OF CURVATURE 0.00
CEATRAl 1ISPLACEHEKT 0.0000
DEPTH TO MA -0.0094
HEAT TRAiSEER -3.171 KU
BEPTH TEAPEPATURE X (U/A21 E (GPa) V 6 f * 1 0 - 6 )  STRESS (A )  STRESS (R)
1.000025 400.00 1.00 300.00 0.230
•.000075 572.71 1.00 300.00 0.230
•.000125 545.41 1.00 300.00 0.230
•.000175 518.12 1.00 300.00 0.230
•.000225 490.83 1.00 300.00 0.230
•.000275 443.53 1.00 300.00 0.230
•.000325 434.24 1.00 300.00 0.230
1.000375 408.95 1.00 300.00 0.230
1.000425 381.45 1.00 300.00 0.230
•.000475 354.34 1.00 300.00 0.230
•.000525 327.07 1.00 300.00 0.230
•.000575 299.77 1.00 300.00 0.230
•.000425 272.48 1.00 300.00 0.230
•.000475 245.19 1.00 300.00 0.230
6.000725 217.89 1.00 300.00 0.230
•.000775 190.40 1.00 300.00 0.230
•.000825 143.31 1.00 300.00 0.230
•.000875 134.01 1.00 300.00 0.230
•.000*25 108.72 1.00 300.00 0.230
4.000*75 81.43 1.00 300.00 0.230
•.001000 81.43 30.00 220.00 0.230
•.001000 81 .42 30.00 220.00 0.230
•.001000 81.42 30.00 220.00 0.230
•.001000 81.42 30.00 220.00 0.230
•.001000 81.42 30.00 220.00 0.230
6.001001 81.42 30.00 220.00 0.230
•.001001 81.42 30.00 220.00 0.230
•.001001 81.41 30.00 220.00 0.230
•.001001 81.41 30.00 220.00 0.230
•.001001 81.41 30.00 220.00 0.230
•.001001 80.27 140.00 200.00 0.300
•.001001 79.14 140.00 200.00 0.300
•.001001 78.00 140.00 200.00 0.300
•.001001 74.84 140.00 200.00 0.300
•.001001 75.72 140.00 200.00 0.300
•.001002 74.59 140.00 200.00 0.300
•.001002 73.45 140.00 200.00 0.300
1.001002 72.31 140.00 200.00 0.300
•.001002 71.17 140.00 200.00 0.300
•.001002 70.04 140.00 200.00 0.300
•.001002 48.90 140.00 200.00 0.300
•.001002 47.74 140.00 200.00 0.300
•.001002 44.43 140.00 200.00 0.300
•.001002 45.49 140.00 200.00 0.300
•.001002 44.35 140.00 200.00 0.300
•.001003 43.21 140.00 200.00 0.300
8.001093 42.08 140.90 200.00 0.300
*.00:003 40.94 140.00 200.00 0.300
10.00 1012.39 0.00
10.00 906.03 - • . 0 7
10.00 799.68 -0 .13
10.00 693.33 - • . 1 7
10.00 586.98 -0.21
10.00 480.64 -0 .2 3
10.00 374.30 - • . 2 4
10.00 267.94 -0 .25
10.00 161.62 - • . 2 5
10.00 55.28 -0 .24
10.00 -51.06 - 0.26
10.00 -157.40 -0 .2 4
10.00 -243.73 -0.26
10.00 -370.07 -0 .2 7
10.00 -476.41 -0 .28
10.00 -582.76 -6 .3 0
10.00 -689.10 -0 .3 3
10.00 -795.45 -0 .3 7
10.00 -901.81 -6 .4 2
10.00 -1008.14 -0 .49
20.00 -506.99 -1 .4 2
20.00 -507.01 -1 .42
20.00 -507.02 -1 .4 2
20.00 -507.03 -1 .4 2
20.00 -507.04 -1 .42
20.00 -507.05 -1 .4 2
20.00 -507.06 -1 .42
20.00 -507.07 -1 .4 2
20.00 -507.08 -1 .42
20.00 -507.09 -1 .4 2
24.00 -422.02 -1 .4 0
24.00 -429.83 -1.42
24.00 -437.43 -1 .4 3
24.00 -445.44 -1 .45
24.00 -453.24 -1 .4 4
24.00 -461.05 -1 .4 8
24.00 -468.85 -1 .49
24.00 -476.64 -1 .51
24.00 -484.46 -1 .52
24.00 -492.27 -1 .5 4
24.00 -500.07 -1 .54
24.00 -507.88 -1 .5 7
24.00 -515.68 -1 .5 9
24.00 -523.49 -1.41
24.00 -531.29 -1 .4 3
24.00 -539.10 -1.45
24.00 -546.91 -1 .4 4
24.00 -554.71 -1 .4 8
"8.001003 59.80 140.00 200.00 0.300
0.001003 58.47 140.00 200.00 0.300
0.001003 57.53 140.00 200.00 0.300
0.001003 54.39 140.00 200.00 0.300
0.001003 55.25 140.00 200.00 0.300
0.001003 54.12 140.00 200.00 0.300
0.001003 52.98 140.00 200.00 0.300
0.001004 51.84 140.00 200.00 0.300
0.001004 50.71 140.00 200.00 0.300
0.001004 49.57 140.00 200.00 0.300
0.001004 48.43 140.00 200.00 0.300
0.001004 47.29 140.00 200.00 0.300
S T O P
r  1 4 :0 4  3 .5 7 5  49
24.00 -542.52 -1 .7 1
24.00 -570.33 -1 .7 2
24.00 -578.13 -1 .74
24.00 -585.94 -1 .7 6
24.00 -593.75 -1 .78
24.00 -401.55 -1 .81
24.00 -409.34 -1 .8 3
24.00 -417.17 -1.85
24.00 -424.98 -1 .8 7
24.00 -432.78 -1.89
24.00 -440.59 -1 .9 2
24.00 -448.40 -1 .94
E X X M P L E  4-
lmm THICK COATING WITH 
10mm THICK SUBSTRATE 




t r a n s
i f  yeu r e q u i r e  a b r i e f  o u tpu t  en ter  1f a b r i e f  inpu t en te r  2, 
both  ea te r  3, f o r  a conven t iona l  run en te r  0.
0_
e n te r  nuaber o f  sets o f  c a lc u la t io n s  t o  be pe rfo raed  
J_
i f  Materia ls  have graded s t r u c tu r e  o r  aore than two Materials are used 
e a te r  a 1, o therw ise  en te r  a 0
£
i f  teape ra tu re  dependant o ro p e r t ie s  g ive*  on sub ro u t in e  ’ p ro p e r t ie s *  
e a te r  a 1, o therw ise  en te r  a 0
J_
do you r e q u i r e  help s e t t i n g  up the sub rou t ine  necessary 
aas; *v "  or *n*
y_
I t  is  necessary to  se t  up a s u b ro u t in e  c a l le d  p ro p e r t ie s  
The te a pe ra tu re  o f  each e leaent is  sent in to  t h i s  sub rou t ine  
aad the p ro p e r t ie s  Youngs f lodu las, poisson r a t i o ,  thermal expansion 
and c o n d u c t iv i t y  are re tu rn e d ,  these are held in  the a a tn c e s  e , v ,g ,k
The fo l lo w in g  i s  an exaaple o f  such a sub rou t ine
sub rou t ine  p ro p e r1 1es<a a t 1 , t e a p , i ) 
c This sub rou t ine  i s  c a l le d  once f o r  each d isc  e le a e i t
c The teapera tue  i s  a u t o a a t i c a l l y  fed across as " teap "
c i  i s  the e leaen t  nuaber
c a a t l  i s  the a a t e n a l  nuaber
c as the prograa stands on ly  two a a t e n a l  can be s ted ied
c le  aat l=1 f o r  ce raa ic  laye r
c and a a t l= ?  f o r  a e ta l  la ye r
d iaens ion  e ( 3 0 0 ) , v ( 300) , g ( 3 0 0 ) , t (300> ,c p (3 0 0 ) ,d e ( 300) 
rea l kQ 0 0 )
coaaon k Te , v , g , t f ep,de 
i f ( a a t l . g t . 1 .3 )  goto 10 
c The f o l lo w in g  equat ions  apply to  the ce raa ic
K i  >=25.425734-<1 .1 5 4 2 3 e -2 t te a p ) * (1 . 24994p - 4 » ( I pmp* * 2 . 0 ) ) 
e ( i  )=290e9-(0 .025e9tteap)
v ( i )  =0.208-15.790 4 e -3 * tea p M < 4.5421e-8*< te a p * « 2 .0 ) )
g ( i ) = 1 . 2 1 2 0 7 e - 6 * ( 5 . 4 4 7 5 9 e - 9 » t e a p ) - ( 2 . 8 5 2 8 e - 1 2 t ( t e a p » * 2 . 0 ) )
r e tu rn
10 i f ( a a t l . g t . 2 .5 )  goto 20 
c The f o l lo w in g  equat ion  applv to  th? ae ta l
■ H ti
1U.\> So V < o  vJti. \^ o/ 
vyp vS e>/\ue. u jv  vC . <v«».V i .  — \
(j u t  t  S
O <— rwV-k-1- ' 2. ''-♦'Ha.VS
you—cV
k ( i> * 3 0  
e ( i )=200e9 
v< i ) =0.3 
g ( i  )s14e-6 
r e tu rn  
20 con t inue  
end
i f  t r a n s ie n t  s o lu t io n  i s  re q u i re d  e n te r  number o f  cyc les  
i f  a s teady s ta te  s o lu t i o n  is  re q u i re d  e n te r  a 0
0_
e n te r  1 i f  r e s id u a l  s t resse s  a re  to  found from plasaa spray ing  
o th e rw ise  type a 0
_0^
f o r  c o a t in g  and base e a te r ,  th ic k n e s s ,  tem pera tu re ,  heat t r a n s fe r  coe f 
o v e r a l l  d ia a e te r  , datua te a p e ra tu re  and pressure - where a p p ro p r ia te  
bu t  f i r s t ,  do you re q u i r e  acre in f o r a a t i o n ;  y or n
X
example in p u t
1e -3 ,1 0 e -3 ,1 0 0 ,2 0 0 ,0 ,0 ,8 6 e -3 ,0 ,0
c o a t in g  th ickness  1 e - 3 a e t re s ,  s u b s t r a t e  t h i c k n e s s  10e-3 metres 
su r fa ce  o f  co a t ia g  100K, su r face  o f  s u b s t ra te  200k, 
heat t r a n s fe r  c o e f f i c i e n t s  not needed i f  su r face  temperatures g ive *  
d ia a e te r  86e-3 a e te r s ,  s t re s s  f re e  te a pe ra tu re  0 k ,  pressure drop 0 ba
exaaple in p u t  
1e -3 ,1 0 e -3 ,1000,600 ,400 ,200 ,8 6 e -3 ,2 8 0 ,1e3 
as above except,  gas c o n d i t io n s  on top face 1000 k ,  400v/ak 
b e t toa  face 600 k ,  200w/ak
coapoaeat i s  s t re s s  f r e e  a t  280 k ,  and a 1e3 n/a2 pressure drop e x is t s  
1e-3 ,10e-3 , lO O O ,400 ,Q ,0 ,8 6 e -3 ,0 ,0
e a te r  number e f  s t r i p s  to  be used in  ceramic and metal la y e rs
i e :  33,33 : l i a i t  ISO s t r i p s
23,25
i f  d is c  i s  a x i a l l y  r e s t r a in e d  en te r  a 0 
i f  d isc  i s  f r e e  to  de fo ra  e n te r  - I
f o r  a fo rced  d is p la c e a e n t  e n te r  ra d iu s  of cu rv a tu re
0
RADIUS OF CURVATURE 0.00
CENTRAL BISPIACEHENT 0.0000
DEPTH TO NA 0.0034
HEAT TRANSFER -0.782 KU
1EPTH TEHPERATURE K (U/N2) E (GPa) V G ( x l0-6) STRESS (A) STRESS
0.000020 1000.00 15.31 265.00 0.196 3.81 -1553.60 0.00
0.000060 996.06 15.35 265.10 0.196 3 .8 ’ -1558.81 -1 .0 7
0.000100 992.13 15.38 265.20 0.195 3.81 -1564.05 -2.14
0.000140 988.21 15.42 265.29 0.195 3.81 -1569.30 -3.21
0.000180 984.30 15.46 265.39 0.195 3.81 -1574.58 -4 .2 7
0.000220 980.39 15.49 265.49 0.195 3.81 -1579.88 -5 .3 3
0.000260 976.50 15.53 265.59 0.195 3.81 -1585.20 -4 .38
0.000300 972.61 15.56 265.69 0.195 3.81 -1590.55 -7.42
0.000340 968.74 15.60 265.78 0.195 3.81 -1595.91 -8 .4 7
0.000380 964.87 15.63 265.88 0.195 3.81 -1601.29 -9.50
0.000420 961.01 15.67 265.98 0.194 3.81 -1606.70 -10.54
0.000460 957.16 15.71 266.07 0.194 3.81 -1612.12 -11.56
0.000500 953.32 15.74 266.17 0.194 3.81 -1617.56 -12.5?
0.000540 949.48 15.78 266.27 0.194 3.81 -1623.02 -13.60
0.000580 945.66 15.81 266.36 0.194 3.81 -1628.50 -14 .62
0.000620 941.84 15.85 266.46 0.194 3.81 -1634.00 -15.62
0.000660 938.04 15.88 266.56 0.194 3.81 -1639.51 -16.63
0.000700 934.24 15.92 266.65 0.194 3.81 -1645.04 -17.62
0.000740 930.45 15.95 266.75 0.194 3.81 -1650.59 -18.61
0.000780 926.66 15.99 266.85 0.194 3.81 -1656.15 -19 .60
0.000820 922.89 16.02 266.94 0.193 3.81 -1661.74 -20.58
0.000860 919.13 16.06 267.04 0.193 3.81 -1667.33 -21 .56
0.000900 915.37 16.10 267.13 0.193 3.81 -1672.94 -22.53
0.000940 911.62 16.13 267.23 0.193 3.81 -1678.57 -23.49
0.000980 907.88 16.17 267.32 0.193 3.81 -1684.21 -24 .45
0.001200 887.72 30.00 200.00 0.300 14.00 1138.42 52.96
0.001600 867.56 30.00 200.00 0.300 14.00 1055.66 47.99
0.002000 847.41 30.00 200.00 0.300 14.00 973.27 43.90
0.002400 827.25 30.00 200.00 0.300 14.00 891.23 40.59
0.002800 807.09 30.00 200.00 0.300 14.00 809.49 37.99
0.003200 786.94 30.00 200.00 0.300 14.00 728.01 36.03
0.003600 766.78 30.00 200.00 0.300 14.00 646.78 34.60
0.004000 746.62 30.00 200.00 0.300 14.00 565.74 33.45
0.004400 726.46 30.00 200.00 0.300 14.00 484.86 33.07
0.004800 706.31 30.00 200.00 0.309 14.00 404.11 32.78












0 . 0 10 0 00
0.010400
0.010800
43.99 * 30.00* ~ -  ?oo:oo 0.30IT
45.84 30.00 200.00 0.30025.48 30.00 200.00 0.300
03.52 30.00 200.00 0.300
85.34 30.00 200.00 0.300
43.21 30.00 200.00 0.300
45.05 30.00 200.00 0.30024.89 30.00 200.00 0.300
04.73 30.00 200.00 0.300
84.58 30.00 200.00 0.300
44.42 30.00 200.00 0.300
44.24 30.00 200.00 0.300
24.11 30.00 200.00 0.300
03.95 30.00 200.00 0.300
STOP
r  17:50 2.245 23
n.oo ~  247779 ** n .  A3
14.00 142.10 32.5014.00 81.44 32.42








14.00 -733.02 13.3514.00 -814.14 7.53
C X M IP L E  5
TRANSIENT ANALYSIS 
1mm THICK COATING 
10mm THICK SUBSTRATE
FIXED GAS TEMPERATURE AND HEAT TRANSFER COEFFICIENT 
ON THE COATING SURFACE. REAR OF DISC IS IN CONTACT 
WITH A SURFACE AT A FIXED TEMPERATURE.
trans
Tr"yoo req u ire  a b r i e f  output enter 1, a b r ie f  input enter 2, 
both enter 3, fo r  a conventional run enter 0.
0_
enter nunber of sets  of ca lcu la tio ns  to be performed 
1_
i f  M aterials have graded s tru c tu re  or wore than two M ate r ia ls  are usee 
enter a 1, otherwise enter a 0
0
i f  tenperature dependant propert ies  given on subroutine “p ro pert ies *  
enter a 1, otherwise enter a 0
0
i f  t rans ien t  so lu tion  is required enter nunber of cvcles 
i f  a steady s ta te  so lu tion  is required enter a 0
i  Fcx^f -H<x^S*e*\\r* S'Me.V) Ouc
enter 1 i f  res idua l  stresses are to found fron plasna spraying  
otherwise type a 0
0
fo r  coating and base e n te r ,  thickness, ten p era tu re ,  heat t ran s fe r  coef  
o ve ra ll  d ianeter  , datun tenperature and pressure -  where appropriate  
but f i r s t ,  do you require  nore in fo rn a t io n ;  y or n
n
te-3,10e-3,0,0,0,0,8<be-3,0,0
enter youngs nod, thermal cond, poisson r a t i o ,  thermal e *p ,  heat cap ac ity ,  d en s ity  for ceranic and netal  
but f i r s t ,  do you requ ire  nore in fo rn a t io n ;  y or n.
300e9,200e9,1 , 3 0 , 0 . 23 , 0 . 3 , 10^ - 6 , 2 4 e -6 ,400 ,600,3000,6000  
enter nunber of s t r ip s  te  be used i *  ceranic and netal layers  
i e :  33,35 t l i n i t  150 s tr ip s
*20,20
Uhat uniform ten p era tu re  is your disc s ta r t in g  at 
yeu can use e i th e r  degrees K or C, but keep to sane throughout progran
Oi
Is  the tenperature d is t r ib u t io n  a lready a v a i la b le  in f i l e 7 0 7 
in  which case type “y",
or do you want the program to c a lcu la te  the d is t r ib u t io n  fo r  you, 
in  which case type
n
To c a lc u la te  t ra n s ie n t  tenperature d is t r ib u t io n ,  the user-wr i t t e i ,  
subroutine "tenobound' nust be used, i f  vou require  help in preparing th is  
typo > •
J*L
This subroutine «ust take the forn  
t e n p b o u n d i t f ,h f , t iu e ,d e l t ,d a n g le , t1 1  ,te*9>
not a l l  of these variab les  need be used, in the simplest case only  
" t in e "  is passed to the subroutine, and “t f " ,  “h f  and " t i l * '  are returned  
these are gas tenperature and heat t ransfere  coe f f icen t  on the gas side 
and the rear face tenperature -  these can a l l  be set as constants, 
or varied with t in e ,  in which case the change in t ine  "d e lt"  w i l l  have 
to be used, and exanple progran fo l low s,  corresponding to the case 
o f the in -c y l in d er  conditions in a f i r i n g  engine
PR06RAH LISTING
subroutine t e n p b o u n d ( t f ,h f , t m e ,d e l t , d a n g le , t1 1 , tenp) 
c th is  subroutine can be used to set up desired thernal boundary conditions as a constant'  c or as a function of time- This
to be used i f  a t rans ien t  solution  is required.
c
c set step for angle increnentation
dangle=2 T1 1 '  ^
p i= 3 .14159
set conpression constant 
ganna=1,4
set engine operating speed
frequeney=20
set nax volune ra t ion
vration=20
set in le t  a i r  tenperature  
tenp l=300
f ind  e f fe c t iv e  conpression r a t io  at the present t ine  w ith in  the cylce  
co u p = -v ra t io *co s (2 .0 tp i* t in e * f re q u e u e y ) 
co n p=(var io /2 .0 )+(eon p /2 .0 )  
conp=conp+l
ca lcu la te  the t in e  mcrenent  
d elt=dangle /(340 .0»frequency) 
f ind  the instantaneous gas tenperature  
t f= te n p l • ( conp*»( ganna-1))  
t f= t f - 2 7 3
Vo\. rovVv* -  20
at cwlT o\_ V\A ■* 2XDo
set up M a t  transfer coefficient
h f = i m





a l te r n a t iv e ly  the fo l low ing s truc ture  can be used 
c which returns constant values with t ine








Bow nany t in e  steps do you require ,  
haw long should each t ine  step be,
aid a f te r  how nany t ine  steps should the data be printed out 
etanple 5 0 0 ,0 .1 ,2 5  
tm e  is in seconds
500 ,0 .1 ,50
ifad isc  is  a x ia l l y  res tra in ed  enter a 0 
i f  disc is free  to deforn enter -1  











0 . 0 0 1 0
200.0000 
30.0000 











c*. o^. 0 -\ S«.c»^.<LSy
5 0  -tV. Co^cuiaJrt.^. ffcCx>r<U<L ^
CTWTRAl 1ISPIACEHEMT 070000
DEPTH TO HA 0.0053
TIHE 7.5000 S
• epth TEMPERATURE STRESS (HI STRESS
1.000025 608.03 1741.74 0.00
0.000075 575.66 1615.21 - 1 .3 7
1.000125 543.68 1490.23 -2 .6 3
0.000175 512.11 1366.88 -3 .77
0.000225 480.96 1245.20 -4 .1 0
0.000275 450.23 1125.22 -5 .7 2
0.000325 419.94 1006.97 -6 .5 4
0.000375 390.09 890.45 -7 .2 5
0.000425 360.67 775.65 -7 .8 7
0.000475 331.69 662.57 -8 .3 9
0.000525 303.13 551.16 -8 .8 3
0.000575 274.98 441.38 -9 .1 7
0.000625 247.23 333.19 -9 .4 3
0.000675 219.86 226.50 -9 .6 0
0.000725 192.85 121.25 -9 .7 0
0.000775 166.19 17.36 -9 .71
0.000825 139.84 -85 .32 -9 .7 7
0.000875 113.78 -186 .87 -9 .91
0.000925 87.09 -287 .42 -10.11
0.000975 62.44 -387 .06 -10 .3 9
0.001250 37.09 -210 .05 -1 0 .3 !
0.001750 29.58 -262 .25 -11 .9 0
0.002250 23.76 -302.78 -13 .3 9
0.002750 19.55 -332 .22 -14 .77
0.003250 16.88 -351 .04 -15 .9 4
0.003750 15.70 -359 .53 -1 6 .8 5
0.004250 16.00 -357 .23 -1 6 .2 6
0.004750 17.80 -344 .73 -15 .96
0.005250 21.17 -321.61 -15 .9 3
0.005750 26.20 -287 .05 -1 5 .6 9
0.006250 32.98 -240 .37 -15.31
0.006750 41.63 -180 .88 -14 .89
0.007250 52.23 -108 .04 -1 4 .5 7
0.007750 64.85 -21 .54 -14 .53
0.008250 79.47 78.88 -14 .14
0.008750 96.03 192.90 -13 .05
0.009250 114.38 319.64 -10 .9 7
0.009750 134.29 457.63 - 7 .6 2
0.010250 155.<6 694.8V - 2 . VO
1.010750 177.50 758.04 *4710
COATING BASE
YBUNGS HOD 300.0000 200.0000
TRERHAl COND 1.0000 30.0000
THERMAL EXP 10.0000 24.0000
P8ISS0NS RATIO 0.2300 0.3000
DEPTH 0.0010 0.0100
RADIUS OF CURVATURE 0.00
CENTRAL DISPLACEMENT 0.0000
DEPTH TO NA 0.0057
TIME 7.5000 S
BEPTH TEMPERATURE STRESS (H) STRESS
#.000025 454.43 1404.85 0.00
0.000075 424.48 1489.74 -1 .34
0.000125 594.43 1373.09 -2.A0
#.000175 544.90 1254.92 - 3 .7 3
#.000225 535.29 1141.25 -4 .7 4
0.000275 505.80 1024.10 -5 .63
0.000325 474.45 911.48 - 6 .4 4
0.000375 447.22 797.42 - 7 .1 3
#.000425 418.14 483.92 - 7 .7 2
0.000475 389.19 571.00 -8.21
#.000525 340.39 453.48 -8 .4 0
0.000575 331.74 344.94 - 8 .8 9
0.000425 303.24 235.85 -9 .0 9
#.000475 274.89 125.38 -9 .2 0
#.000725 244.70 15.54 -9 .21
#.000775 218.47 -93 .70 -9 .2 9
#.000825 190.80 -202.34 -9 .4 5
#.000875 143.09 -310 .34 -9 .6 9
# .000f25 135.55 -417 .77 -10 .01
#.000975 108.17 -524.55 -10 .4 2
#.001250 80.94 -140.75 -10 .4 2
0.001750 72.77 -197.44 -11 .67
#.002250 44.28 -242.55 -13 .0 3
1.002750 41 .48 -275.98 -14 .3 4





















-308 .00 -1 6 .4 9
-306 .16 -15 .80
-293 .25 -15 .3 7
-269 .49 -15 .19
-235 .13 -15 .1 3
-190.41 -14 .94
-135 .82 -14 .71





362.52 -9 .3 7
466.34 -5 .86
573.30 -1 .0 9
COAT I MG BASE
YOUNGS NOB 300.0000 200.0000 SPa
THERMAL C0N8 1.0000 30.0000 U/H2
THERMAL EIP 10.0000 24.0000 *10 -6
POISSOMS RATIO 0.2300 0.3000
DEPTH 0.0010 0.0100 H
RADIUS OP CURVATURE 0.00
CENTRAL BISPIACEHEMT 0.0000
DEPTH TO NA 0.0053
TINE 7.5000 S
BEPTH TENPERATURE STRESS <N) STRESS
0.000025 676.31 1437.88 0.00
0.000075 647.54 1325.48 -1 .1 3
0.000125 618.86 1213.42 -2 .1 5
0.000175 590.27 1101.74 -3 .0 7
0.000225 561.76 990.44 -3 .8 9
0.000275 533.35 879.53 -4 .61
0.000325 505.04 769.04 -5 .2 3
0.000375 476.83 658.98 -5 .7 6
0.000425 448.73 549.36 -6 .2 0
0.000475 420.74 440.20 -6 .5 5
0.000525 392.86 331.51 -6 .81
3.000575 365.10 223.31 -3 .9 8
0.000625 337.47 115.60 -7 .07
3.000675 309.95 8.40 -7 .0 8
3.000725 282.57 -98.31 -7 .1 6
3.000775 255.32 -204 .53 -7 .31
3.000825 228.20 -310 .25 -7 .5 3
3.000875 201.22 -415.45 -7 .8 3
3.000925 174.38 -520 .12 -8 .2 0
3.000975 147.69 -624.25 -8 .6 4
3.001250 121.15 -50 .84 -8 .6 4
3.001750 113.08 -106.44 -9 .25
3.002250 106.52 -151.73 -10 .00
3.002750 101.47 -186.70 -10 .77
3.003250 97.91 -211.37 -11 .4 1
3.003750 95.83 -22.5.87 -12 .04
3.004250 95.20 -230.39 -12 .44
3.004750 95.97 -225.02 -12 .24
3.005250 98.10 -210.40 -12 .22
3.005750 101.53 -186.80 -12 .07
3.006250 106.20 -154.70 -11 .83
0.006750 112.03 -114.65 -11 .57
3.007250 118.93 -67 .25 -11 .37
0.007750 126.81 -13.21 -11 .36
3.008250 135.56 46.95 -11 .1 3
3.008750 145.09 112.56 -10 .49
0.009250 155.27 182.88 -9 .3 3
0.009750 165.98 257.13 -7 .4 2
3.010250 177.10 334.50 -4 .6 9
3.010750 188.48 414.15 -0 .9 9
COAT 116 BASE
Y0UN6S HOD 300.0000 200.0000 GP
TRERHAl COM 1.0000 30.0000 u r
TRERHAl EXP 10.0000 24.0000 x1
POISSOHS RATIO 0.2300 0.3000
DEPTH 0.0010 0.0100 M
RADIUS OE CURVATURE 0.00
CEHTRAl BISPIACEHEHT 0.0000
depth to ha 0.0057
TIII£ 7.5000 S










































1187.97 -1 .0 8
1079.73 -2 .0 6
971.82 -2 .93
864.24 - 3 .7 0
757.00 -4 .3 7
650.13 -4 .9 4
543.62 -5 .41
437.50 -5 .7 8
331.78 -6 .0 7
226.47 -6 .2 #
121.58 - 6 .3 7
17.12 - 6 .3 8
-86 .94 -6 .4 5
-190.59 -6.61
-293 .82 -6 .8 4
-396.63 - 7 .1 5
-499 .99 -7 .5 4
-600.91 -8.01
-702 .36 -8 .5 5
33.68 -8 .5 5
-20 .93 -8 .6 8
-66 .76 -9 .0 5
-103.78 -9 .54
-132.04 -10 .0 6
-151 .65 -10 .54
-162.80 -10 .92
-165 .72 -11 .17
-160.64 -11 .0 6
-148 .09 -11 .0 3
-128 .44 -10.91
-102 .15 -10 .7 3
-69 .7 8 -10 .5 7
-31 .9 0 -10 .48
10.90 -10 .44
58.11 -10 .1 4
109.11 -9 .5 0
163.25 -8 .41
219.85 -6 .7 6
278.24 -4 .4 4
STOP
r  18:03 10,022 8
THE SUBROUTINE TENPUCUNQ K*3Eli IN THIS CASE UAS
pr tewpbound.fortran
ten p bo vnd .for tra *  07 /06 /86  1905.3 bst Sui




t i i= 2 0 0
d e l t= 0 .0 1 50
return
end
r  18:03 0.213 1
THE OUTPUT FTLE CREATED IS FILE 7C 
pr f i le T O
f i l e 7 0  0 7 /06 /8 4  1806.1 bst Sun
9.75 608.03 573.66 343.68 312.11 480.96 450.23 419.94 390.09 340.47 331.69 303.13 274.98 247
.23 219.86 192.85 166.19 139.84 113.78 87.99 42.44 37.09 29.38 23.76 19.55 14.88 15.7
0 14.00 17.80 21.17 26.20
177.50
32.98 41.63 52.23 64.85 79.47 96.03 114.38 134.29 155.46
1.50 634.43 624.48 594.43 564.90 533.29 505.80 476.45 447.22 418.14 389.19 360.39 331.74 303
.24 274.89 246.70 218.67 190.80 163.09 135.55 108.17 80.96 72.77 64.28 61.48 58.38 56.9
5 57.18 59.03 62.48 67.49 74.00 81.95 91.25 101.82 113.54 126.29 139.93 154.29 169.21
184.51
2.25 676.31 647.54 618.86 390.27 561.76 533.35 505.04 476.83 448.73 420.74 392.86 345.10 337
.47 309.95 282.57 255.32 228.20 201.22 174.38 147.69 121.15 113.08 106.52 101.47 97.91 95.8
3 93.20 95.97 98.10 101.53 106.20 112.03 118.93 126.81 135.56 145.09 155.27 165.98 177.10
188.48
3.00 694.37 666.60 638.89 611.26 583.71 556.23 528.85 501.53 474.34 447.22 420.21 393.29 364
.48 339.78 313.19 286.71 260.35 234.10 207.98 181.98 156.11 148.16 141.50 136.13 132.04 129.2
1 127.61 127.20 127.93 129.76 132.42 136.44 141.15 146.67 132.91 159.78 167.17 175.00 183.15
191.52
3.73 709,84 682.91 654.04 629.23 602.49 575.32 549.22 522.69 496.24 469.88 443.60 417.40 391
.79 365.28 339.36 313.53 287.80 242.18 236.65 211.74 185.93 17S.06 171.29 165.62 161.03 157.5
<r 133.02 153.54 153.03 153.44 154.72 156.81 159.44 l l 3 l l 5  * 147.24' 171.90 174.98 182.42 181.13
194.02
4.50 722.98 494.74 470.40 444.49 418.44 592.45 544.52 540.45 514.85 489.12 443.45 437.84 412
.35 384.91 341.55 334.28 311.08 285.98 240.94 234.03 211.19 203.39 194.52 190.57 185.55 1 8 1 . 4
2 178.18 175.78 174.20 173.40 173.33 173.94 175.18 174.99 179.31 182.07 185.20 188.63 192.29
194.11
5.25 734.10 708.49 482.93 457.42 431.95 604.53 581.16 555.85 530.59 505.39 480.25 455.17 431
.16 405.21 380.33 355.51 330.77 306.10 281.51 254.98 232.54 224.80 217.84 211.47 204.27 201.4
3 197.74 194.56 192.07 190.24 189.03 188.39 188.28 188.66 189.46 190.64 192.13 193.87 195.81
197.87
4.00 743.50 718.41 693.35 668.34 643.34 618.43 593.54 568.69 543.89 519.14 494.45 469.80 445
.21 420.67 396.19 371.77 347.41 323.11 298.87 274.69 250.58 242.89 235.86 229.49 223.77 218.7
0 214.26 210.42 207.16 204.46 202.28 200.59 199.35 198.51 198.03 197.87 197.97 198.29 198.77
199.36
4.75 751.44 726.78 702.15 677.54 653.00 628.48 603.99 579.54 555.13 530.76 506.44 482.14 457
.92 433.73 409.59 385.50 361.46 337.47 313.53 289.65 265.82 258.17 251.07 244.54 238.54 233.1
2 228.21 223.82 219.91 214.47 213.48 210.89 208.69 206.82 205.27 203.97 202.91 202.02 201.27
200.41
7.50 758.14 733.85 709.59 685.35 661 .14 634.97 412.82 588.70 564.62 540.58 516.57 492.<60 463
.46 444.77 420.91 397.10 373.33 349.40 325.92 302.28 278.69 271.07 263.93 257.25 251.05 245.3
0 240.00 235.13 230.68 224.42 222.93 219.60 216.58 213.85 211.38 209.13 207.07 205.17 203.38
201.67
p 18:06 0.474 0
EXKV\ P L E  6
RESIDUAL STRESSES IN COATING 
0,1mm THICK APPLIED LAYER 
10mm THICK SUBSTRATE
COATING INITIALLY"AT A UNIFORM TEMPERATURE WHICH 
DECAYS WITH TIME. ADIABATIC FACES ASSUMED.
res id
Enter the l a te n t  heat o f fusion f o r  Z irc o n ia ,  
tenperature of Z irc o m a  at a r r i v a l  at the substrate  surface ,  
melting point of z i r c o n ia ,
tenperatue at which e la s t ic  p ro pert ies  can be assumed fo r  the coating.  
Units  nust be c on s is tan t .  
i e : 480000,3000,2700,2000
480000,3000,2700,2000  
Enter the nunber of layers  to be sprayed, 1 or 2
1   —  a
To CcxVcola-Vt re-M(Loa.V S tream
< (2-ivis. ( *“U— X \a.O
«_ "Vo ^vVe.70
"Enter nunber o f elements layer should be divided in to ,  
the thickness of the la y e r ,  
the tm e  steo to be used for c a lc u la t io n ,  
t in e  in te rv a l  you wish to use between stored data ,  
and t ine  span fo r  c a lc u la t io n s .  
i e : 3 2 ,1 e - 4 . l e - 4 ,1 e - 3 ,1 e - 4
32 ,1e - 4 ,1 e - 6 ,1e - 5 ,1 e-4  
Enter for both Z ircon ia  and the su b s tra te ,  the thermal conductiv ity ,  
density and s p e c i f ic  heat capacity  
i e : 1 , 30 ,3800,7830,800,440
This data set gives the Z ircon ia  a conductiv ity  of lU /n k ,  density  of 
and a heat capacity  of 800J/KgK. The substrat has a co n du ctiv i ty  of 
density  of 7850Kg/n3 and a heat capacity of 460J/KgK.
1 ,30 ,3800 ,7850 ,800 ,460
Enter the substrate  th ickness, nunber of elements in  su b s tra te ,  
and the i n i t i a l  tenperatue of the substrate ,  
i e :  I0 e -3 ,2 0 ,30 0
O /vft. ^ \o o tr
3000kg/«3 
30U/n* ,
11 0 -1  -V^v<-W  ^ Ur
 ^ V_. J^eiuL vi GaXcxAc».W^ o ^ s —
e \yU. Se<.o^<L, r  ■




r  18:11 2.747 9 
c f  - a
r  18:11 0 .844  0
r l  - a  
r  18:11 0.835 0
TME OUPUT F IL E S  CREATED ARE8
r r  fU n 7 P
f i le 7 0  87/06/84 1111.7 bU  Su«
1.00 3000.00 3000.00 3*00.00 3000.08 3008.00 3000.80 3008.00 3008.80 3008.00 3010.00 3000.08 3080.08 3000
.80 3000.00 3000.00 3000.00 3000.30 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.08 3080.0
0 3000.00 2999.95 2999.23 2991.32 2930.06 2644.78 308.56 300.00 300.00 300.00 300.00 300.00 380.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.08
8.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3808.00 3000
.40 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.9
9 2999.91 2999.23 2994.57 2969.93 2877.12 2664.06 316.85 300.01 300.00 300.00 300.00 300.00 308.80
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
8.00 3000.00 3000.00 3800.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.08 3080
.80 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999.9
3 2999.50 2997.14 2986.33 2947.43 2844.49 2663.66 325.09 300.01 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.08
8.00 3000.00 3000.00 3800.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3808.40 3008
.80 3000.00 3000.00 3003.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999.95 2999.7
2 2998.55 2993.59 2976.18 2927.21 2821.40 2592.70 333.29 300.02 300.00 300.00 300.00 300.00 304.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 304.00
8.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.04 3040
.40 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999.97 2999.85 2999.2
7 2996.93 2988.80 2964.43 2898.98 2712.45 2083.09 340.24 300.03 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.08
8.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3800.00 3000
.80 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.98 2999.92 2999.63 2998.5
1 2994.58 2982.37 2948.17 2841.93 2688.07 1805.67 345.80 300.05 300.00 300.00 300.00 300.00 308.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 308.00
8.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.08 3080
.80 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999.96 2999.81 2999.26 2997.3
5 2991.32 2974.18 2930.84 2837.67 2685.37 1644.37 350.63 300.07 300.00 300.00 300.00 300.00 300.04
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
8.00 3000.00 3000.00 3800.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3008.80 3808
.80 3000.00 3000.00 3008.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999.98 2999.91 2999.63 2998.69 2995.7
2 2987.14 2965.01 2914.97 2820.26 2653.03 1592.50 355.08 300.08 300.00 300.00 300.00 300.00 308.00
300.00 300.00 300.00 300.00 301.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
4.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.08 3000
.40 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999.95 2999.82 2999.35 2997.88 2993.5
8 2952.22 2955.15 2896.2*  2765.8* 2*17.57 1515.42 359.27 300.10 300.00 300.00 300.00 300.00 300.00
300.0® 300.00 300.00 300.00 300.00 300.00 300.00 300.00 3 M . 0 0  300.00 300.00 300.00 *00. 00
3.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000
.00  ^ 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999.98 2999.•? 2999.68 2998.94 2996.79 2990.9
H 2943- 74 28A6.58 2695.54 2259.69 1431.17 363.15 300.12 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
r  11:13 0 . 565 0
TO CALCULATE TME STRESSES
trans
i f  you re q u ire  a b r i e f  output enter 1, a b r i e f  input enter 2, 
both eoter 3, fo r  a conventional run enter 0.
en ter  nunber of sets o f  ca lcu la t io n s  to  be performed
1
i f  m a te r ia ls  have fraded s t r u c tu re  or More than tuo Materials are used 
ea te r  a 1, otherwise enter a 0
i f  tenpera tu re  dependant p ro p e r t ie s  j iv e n  on subroutine “p ro p e r t ie s '  
ente r  a 1, otherwise enter a 0
_0
i f  t ra n s ie n t  s o lu t io n  is requ ired  enter nunber o f  cycles  
i f  a steady s ta te  so lu t io n  is  required  enter a 0
_4_
en te r  1 i f  re s id u a l  stresses are to  found f r om plasna spraying  
otherwise type a 0
J_ .
Enter tenperature  a t  which e la s t i c  p ro pe rt ie s  s ta r t  in the coat ing  
2000
fo r  coat i n j  and base e n t e r ,  thickness, ten p era tu re ,  heat t ra n s fe r  coef  
o v e ra l l  d ian e te r  , datun tenperature  and pressure -  where app ro pr ia te  
but f i r s t ,  do you req u ire  nore in fo rn a t io n ;  y or a
jT
1 e ~ 4 ,1 0 e ~ 3 ,0 ,0 ,0 ,0 ,8 6 e -3 ,0 ,0
e a te r  yeua^s nod, thermal cond, poissoa r a t i o ,  thermal exp, heat c a p a c i ty ,  deasity for ceraoic and aetal  
but f i r s t ,  do you require  more inform ation; v or • .
3Q0e9,200e9,1 , 3 0 , 0 . 2 3 , 0 . 3 , 1 0 e -6 ,2 4 e -6 ,0 , 0 , 0 , 0
eote r  number o  ^ s t r ip s  to  be used in ceranic and metal layers
i e t  35,35 : l i m i t  150 s t r ip s
32,20
Uhat uniform temperature is  your disc s ta r t in g  at  
you cao use e i th e r  decrees K or C, but keep to same throughout progran
.0
Is  the temperature d is t r ib u t io n  a lready a v a i la b le  in f i l e 7 0 7 
i a  uhich case type *y" ,
or do you want the program to c a lcu la te  the d is t r ib u t io n  fo r  you, 
i  a which case type * a “
y
T ? disc i s  a x ia l ly  res tra in ed  enter a 0 
i f  disc is free  to deform enter -1
for a forced displacement enter radius of curvature
0
COATING BASE
YOUNGS NOB 300.0000 200.0000 GPa
THERNAl COND 1.0000 30.0000 I /R 2
TNERNAl EXP 10.0000 24.0000 *10- i
POISSONS RATIO 0.2300 0.3000
DEPTH 0.0001 0.0100 1
MAX RAI STRESS 0.0000 55.7444 NPa
MIN RAI STRESS 0.0000 -3.0528 RPa
MAX AXI STRESS 0.0000 9.8807 »>a
MIN AXI STRESS 0.0000 9.A472 *>a
MATl TENP 0.0000 0.0000
RADIUS OF CURVATURE 0.00
CENTRAL DISPLACEMENT 0.0000
DEPTH TO NA 0.0030
TIME 0.0000 5
COATING BASF
Y0UN6S HOD 300.0000 200.0000 6Pa
THERMAL COND 1.0000 30.0000 U/H2
THERMAL EXP 10.0000 24.0000 *10-6
POISSONS RATIO 0.2300 0.3000
DEPTH 0.0001 0.0100 8
HAX RAD STRESS 0.0000 109.9148 MPa
HIN RAD STRESS 0.0000 -5.8163 HPa
HAX AXI STRESS 0.0000 8.4821 MPa
MIN AXI STRESS 0.0000 8.0428 HPa
HATL TEMP 0.0000 0.0000
RADIUS OF CURVATURE 0.00
CENTRAL DISPLACEMENT 0.0000
DEPTH TO NA 0.0051
T THE 0.0000 S
COATING IASE
YDUNGS MOD 300.0000 200.0000 GPa
THERMAL COND 1.0000 30.0000 U/M2
THERMAL EXP 10.0000 24.0000 x10-4
PDISSONS RATIO 0.2300 0.3000
DEPTH 0.0001 0.0100 H
HAX RAD STRESS 0.0000 143.3970 HPa
HIN RAI STRESS 0.0000 -8.9371 HPa
HAX AXI STRESS 0.0000 7.4443 HPa
MIN AXI STRESS 0.0000 4.9733 MPa
HATL TEMP 0.0000 0.0000
RADIUS OF CURVATURE 
CENTRAL DISPLACEMENT 
TslPTH in
0 . 0 0
0.0000
0.0050
TIME 0.0000 * '  5
C3ATIN6 IASE
YOUNGS MOD 300.0000 200.0000 GPa
THERMAL COND 1.0000 30.0000 8/12
THERMAL EXP 10.0000 24.0000 * 10-6
POISSONS RATIO 0.2300 0.3000
DEPTH 0.0001 0.0100 1
HAX RAD STRESS 0.0000 21 7.0306 MPa
MIN RAD STRESS 0.0000 -11.6175 HPa
MAX AXI STRESS 0.0000 6.8442 MPa
MIN AXI STRESS 0.0000 5.9719 MPa
MATL TEMP 0.0000 0.0000
RADIUS OF CURVATURE 0.00
CENTRAL DISPLACEMENT 0.0000
DEPTH TO NA 0.0051
TIME 0.0000 S
STOP
r  18:23 2.808 3
EXAMPLE 7
■RESIDUAL'STRESSES IN CO AUNG 
0.1mm THICK APPLIED LAYER 
_0.1mm THICK COOL LAYER OF CERAMIC 
10mm THICK SUBSTRATE.
COATING INITIALLY AT A UNIFORM TEMPERATURE WHICH 
DECAYS WITH TIME. ADIABATIC SURFACES ASSUMED
re s id
Enter the la te n t  heat o f  fus ion  fo r  Z ir c o n ia ,  
tenperature  of Z irco n ia  at a r r i v a l  at the substra te  surface,  
n e t t in g  point of z i r c o n ia ,
tenperatue a t  which e la s t i c  p ro p e rt ie s  can be assumed fo r  the coat ing .
U n its  nust be c o n s is ta n t .  
i e : 484000,3000,2700,2000
680000.3000,2700»2000  
Enter the nunber of layers  to be sprayed, 1 or 2
*>
_  i
Enter nunber o f  elements layer should be divided in to ,  
the thickness of the la v e r ,  
the tm e  step to be used for  c a lc u la t io n ,  
t in e  in te rv a l  you wish to use between stored d ata ,  
and tm e  span fo r  c a lc u la t io n s ,  
l e : 3 2 , l e - 4 , 1 e - 6 , 1 e - 5 , 1 e - 4
3 2 ,1 e - 4 ,1 e - 6 ,1 e -5 ,1 e -4  
Enter for both Z ircon ia  and the su b s tra te ,  the thernal c o n d u ct iv i ty ,  
d ensity  and s p e c i f ic  heat capacity  
i e : l , 30 ,3800 ,7850,800 ,460
This data set gives the Z ircon ia  a con du c tiv i ty  of 1U/nK, density  of 3000kg/«3 
and a heat capacity  of 8OOJ/K9K. The substrat  has a con du c tiv i ty  of 30U/nk, 
d ensity  of 7850Kg/n3 and a heat capacity  of 460J/KgK.
1 .30 , .3800.7850.800 .460
Enter the substrate  th ickness , nunber o f  elements in  sub stra te ,  
and the i n i t i a l  tenperatue of the substra te ,  
i e :  10e -3 ,20 ,300
10e -3 ,20 ,300  
nert la y e r  
next layer
STOP
r  18:27 4.415 3 
c f  - a
r  18:27 0 .045  0
r l  - a
c 18-.27 0 . 0 3 4  0
B C  OUTPUT FILES CREATED AREf? 
pr f i l e ?0
f i le 7 0  07/06/86 1828.1 8st Sui
* .00  3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000
.00 2099.77 2991.66 2798.84 5 0 1 .U  308.34 300.23 300.00 300.00 300.00 300.00 300.00 300.00 300.0
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
0.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3 *0 0 .*0  2999
.93 2998.39 2971.56 2692.61 659.31 329.22 301.61 300.07 300.00 300.00 300.00 300.00 300.90 300.0
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
0.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999
.72 2995.63 2951.94 2693.09 792.45 358.20 304.75 300.30 300.01 300.00 300.00 300.00 300.00 100.0
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
0.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.95 2999
.27 2991.85 2935.13 2693.50 907.46 392.59 309.91 300.81 300.05 300.00 300.00 300.00 300.00 300.0
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
1.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999.88 2998
.58 2987.42 2920.64 2693.85 1007.48 430.43 317.14 301.74 300.14 300.01 300.00 300.00 300.00 300.0
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.08
8.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.98 2999.75 2997
.62 2982.56 2908.06 2694.17 1095.05 470.29 326.36 303.17 300.31 300.03 300.00 300.00 300.00 300.0
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
0.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.95 2999.55 2996
.40 2977.46 2897.07 2694.44 1172.20 511.12 337.41 305.18 300.59 300.06 300.00 300.00 300.08 380.0
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
8.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.99 2999.92 2999.28 2994
.96 2972.22 2885.86 2633.08 1239.05 552.14 350.12 307.84 301.01 300.11 300.01 300.00 300.00 308.0
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.80 300.80
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
e .00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.9? 2999.86 2998.93 ?9t3
.30 2966.59 2869.17 2546.19 1291.89 592.46 364.24 311.16 301.60 300.19 300.02 300.00 300.00 300.0
0 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 300.00 340.00
5.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 3000.00 2999.97 2999.78 2998.49 2991
.40 2960.24 2848.51 2474.92 1333.53 631.30 379.52 315.17 302.39 300.32 300.04 300.00 300.00 300.0
0 300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00 300.00
300.00 300.00
300.00 300.00
300.00 300.00 300.00 300.00 300.00
300.00 300.00 300.00 300.00 300.00
r  18:29 0.565 0 
pr f i l e 1 4





















































r  18:31 0 .174  2 
TO CALCULATE T>€ STRESSES?
trans
i f  you require  a b r i e f  output enter 1, a b r i e f  input enter 2, 
bath eater 3, fo r  a conventional run enter 0.
0
eerter nanber of sets o f c a lcu la t io n s  to  be performed 
2_
i f  m ate r ia ls  have «r»ie<J s tru c tu re  or nore than too Materials are  used 
ea ter  a 1 , otherwise enter a 0
0_
i f  tenpera ture  dependant p ro p ert ies  qiven on subroutine "p ro pe r t ie s *  
eater  a 1 , otherwise enter a 0
_0_
i f  t ra n s ie n t  so lu tion  is required  enter nunber of cycles  
i f  a steady s ta te  se lu t ion  is required enter a 0
_4_
e n te r  1 i f  res id ua l  stresses are to  found from plasma spraving  
otherwise type a 0
1
Enter temperature a t  which e la s t ic  propert ies  s ta r t  in the coating  
2000
f o r  coating and base e n te r ,  th ickness, temperature, heat t ra n s fe r  coef  
o v e r a l l  diameter , datum temperature and pressure - where appropria te  
bet f i r s t ,  do you reo u ire  more in fo rm ation :  v or «
n
2e—4 ,1 Q e -3 ,0 ,0 .0 .0 ,B 6 e -1 ,0 . 0
ente r  youngs mod, thermal cond, poisson r a t io ,  thermal e x p ,  heat ca p a c i ty ,  density for ceramc and metal 
but f i r s t ,  do you require  more in form ation; v or x.
n
300e9, 200e9, 1 , 3 0 , 0 . 2 3 , 0 . 3 , 1 0 e -6 ,2 4 e -6 ,0 , 0 , 0 . 0
enter number of s t r ip s  to be used in ceramic and metal layers
le :  35,35 : l i m i t  150 s tr ip s
32,20
Uhat uniform temperature is your disc s ta r t in g  at 
you can use e i th e r  degrees K or C, but keep to same throughout program
0_
Is  the temperature d is t r ib u t io n  a lready  av a ila b le  in f i l e 7 0 7 
in  which case type "y",
or do you uant the program to c a lc u la te  the d is t r ib u t io n  fo r  you, 
in  which case type ”n*
X
i f  disc is  a x i a l l y  re s t ra in e d  enter a 0 
i f  disc is f ree  to deform enter  -1
for  a forced displacement enter radius of curvature
0
C0ATIN6 BASE
YOUNGS »0B 300.0000 200.0000 SPa
TBEfiNAl COND 1.0000 30.0000 1/12
Y tt tK A l EYP 10.0000 24.0000 x10-4
PtISSOfS M T f f  0.2300 0.3000
DEPTH 0.0002 0.0100
RAIIUS OF CUSVATUKE 0.00
CEJtTRAL IISPLACEHEMT 0.0000
DEPTH TO HA 0.0051
TIHE 0.0000 S
•EPTH TEMPERATURE STRESS (H) STRESS (A)
1.000003 3000.00 0.00 0.00
1.000009 3000.00 0 .00  0.00
0.000016 3000.00 0 .00  0.00
1.00002? 3000.00 0 .00 0 .00
0.000028 3000.00 0.00 0 .00
0.000034 3000.00 0 .00 0.00
0.000041 3000.00 0.00 0 .00
0.000047 3000.00 0.00 0 .00
0.000053 3000.00 0 .00 0.00
0.000059 3000.00 0 .00  0.00
0.000066 3000.00 0 .00  0 .00
0.000072 3000.00 0.00 0 .00
0.000078 3000.00 0 .00 0.00
0.000084 2999.77 0 .00 0.00
0.000091 2991.66 0 .00 0 .00
0.000097 2798.84 0 .00 0 .00
0.000103 501.16 -7370.53  7.59
0.000109 308.34 -8122.02  6.77
0.000116 300.23 -8153 .86  5 .96
0.000122 300.00 -8155 .00  5 .14
0.000128 300.00 -8154 .76  5 .96
0.000134 300.00 -8154 .52  6.77
1. 300.00 -8154 .27  7.58
0.000147 300.00 -8154 .03  8 .39
0.000153 300.00 -8153 .79  9.21
0.00015? 300.00 -8153 .55  10.01
0.000166 300.00 -8153 .30  10.12
0.000172 300.00 -8153 .06  11.63
0.000178 300.00 -8152 .82  12.44
0.000184 300.00 -8152 .58  13.24
0.000191 300.00 -8152.34  14.05
0.000197 300.00 -8152 .10  14.85
0.000450 300.00 82.06 14.87
4.000950 300.00 81.86 14.41
4 .0 0 1 4 5 0  3 0 0 . 0 0  81.68 1 4 . 0 0
27
D .o o m o 300.00 8V.53 * n . v s
0.002450 300.00 81.41 13.35
0.002950 300.00 81.30 13.12
0.003450 300.00 81.22 12.93
0.003950 300.00 81.17 12.81
0.004450 300.00 81.14 12.74
0.004950 300.00 81.14 12.73
0.005450 300.00 81.11 12.67
0.005950 300.00 81.06 12.56
0.006450 300.00 80.99 12.39
0.006950 300.00 80.89 12.16
0.007450 300.00 80.77 11.88
0.007950 300.00 80.63 11 .33
0.008450 300.00 80.45 11 .13
0.008950 300.00 80.26 10.67
0.009450 300.00 80.03 10.16
0.009950 300.00 79.79 9.58
COATING EASE
YOUUBS NOB 300.0000 200.0000 GPa
THERNAl COND 1.0000 30.0000 U/H2
THERNAl EXP 10.0000 24.0000 :<10-6
POISSONS RATIO 0.2300 0.3000
DEPTH 0.0002 0.0100 N
RADIUS OF CURVATURE 0.00
CENTRAL DISPIACENENT 0.0000
DEPTH TO NA 0.0051
TINE 0.0000 S
BEPTH TENPERATURE STRESS (N) STRESS
1.000003 3000.00 0.00 0.00
t . 000009 3000.00 0 .00 0.00
0.000016 3000.00 0.00 0.00
0.000022 3000.00 0.00 0.00
0.000028 3000.00 0.00 0.00
0.000034 3000.00 0.00 0.00
0.000041 3000.00 0.00 0.00
0.000047 3000.00 0.00 0.00
0.1000VS 3000.00 o.oc 0.00
p o *
O O o
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YSUN6S BOB 300.0000 200.0000 fiPj
TBERNAL COBB 1.0000 30.0000 8/12
THERNAL EXP 10.0000 24.0000 xlO-6
P0ISSOMS RATIO 0.2300 0.3000
DEPTH 0.0002 0.0100 A
RADIUS OF CURVATURE 0.00
CENTRAL DISPLACEMENT 0.0000
DEPTH TO NA 0.0051
TIHE 0.0000 S
DEPTH TEMPERATURE STRESS (Ml STRESS
0.000003 3000.00 0.00 0.00
0.000009 3000.00 0.00 0.00
3.000016 3000.00 0.00 0.00
0.000022 3000.00 0.00 0.00
0.000028 3000.00 0.00 0.00
0.000034 3000.00 0.00 0 .00
0.000041 3000.00 0.00 0.00
0.000047 3000.00 0.00 0.00
0.000053 3000.00 0.00 0 .00
0.000059 3000.00 0.00 0 .00
0.000060 3000.00 0.00 0.00
0.000072 2999.99 0.00 0.00
0.000078 2999.72 0.00 0.00
0.000084 2995.63 0.00 0.00
0.000091 2951.94 0.00 0.00
0.000097 2693.09 0.00 0.00
0.000103 792.45 -6235.35 5 .95
0.000109 358.20 -7927.47 5.15
0.000116 304.75 -8135.96 4.34
0.000122 300.30 -8153.54 3 .52
0.000128 300.01 -8154.91 2.71
0.000134 300.00 -8154.71 3.52
0.000141 300.00 -8154.46 4.33
0.000147 300.00 -8154.22 5.15
0.000153 300.00 -8153.98 5.96
0.000159 300.00 -8153.74 6 .7 7
0.000166 300.00 -8153.50 7.57
0.000172 300.00 -8153.26 8.38
0.000178 300.00 -8153.01 9.19
0.000184 300.00 -8152.77 9.99












































Y0UH6S NOB 300.0000 200.0000 GPa
THERNAL COND 1.0000 30.0000 U/H2
THERNAL EXP 10.0000 24.0000 *10-6
POISSONS RATIO 0.2300 0.3000
DEPTH 0.0002 0.0100 N
RADIUS OF CURVATURE 0.00
CENTRAL BISPLACENENT 0.0000
DEPTH TO NA 0.0031
TINE 0.0000 S
8EPTH TENPERATURE STRESS (H> STRESS (A)
0.000003 3000.00 0.00 0.00
0.000009 3000.00 0.00 0.00
0.000016 3000.00 0.00 0.00
0.000022 3000.00 0.00 0.00
0.000028 3000.00 0.00 0.00
IO O O Cl o o  e  e  a  o
o o o o o o o o
o o o o o o o o
*0 -O OO 00 N SI »- O'
o o o o o o o o o o o o
o o o o o o o o o o o o o c o o o o
_ _  V_  40 ^ Jfc _ _ _ _ _ _ _ _y i u n i i i d W i i i i u i i i u i u i u i u i y i m u u i u i u i
o o o o o o o o o o o o o
o o o o o o o o o o o o
o o o o o o o o o o o o
o o o o o o o o o
' 0 * ' 0 * ' 0 * ' 0 * - 0 l » 0 * o *  —  -  - -  ■ • - - • - - - - - - • - • - • - O O O O O C i
o o o o o o o o
• O - O O O M S IO -U IU O *
O O O O O O O S I - * O O M O ' - O W S J
OO-O-OOtMSIO'
O U S I - I O O M O  - O
0
1
Cf l  G*  O  4» 0 4Nj -  ^





















o o Oo Oo o o o o o o o O o o o o o o o o o o o o o o o o o o o o *oo 'O0 4 'O>o*0o o o o o o
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o © M N J 0 4 Cfl —* 'O«©o o o o o• • • • • • • t • • • • • • • • • • • • • • • • • • • • • • • • • • • « • • • • • • • • • •
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o CO *oG* CM a o N J o o o o o o
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o G * — -— -O O ' O 0 4 G * N4 G4I o o o o o o
\J\JSJNJNJNJNJNJMNJ\JNJ\JOOOOOOa ) a 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' « > 0 ' 0 ' 0 ' 0 ' 0 0 0 o
O D C D O O C O O D f l O C D C D O O C D C D O O C D O O N
o o o o c o o o c a u i u i l a u i ^ ^ m ^ u i u i j i c i  -  <o 
O O O O N ) M U W ( * 4 > * *  i> Ul cn LM ro (h jk o o o o o o
J »  G *  O' NJ  OO OO • O ' O ' O O O r O M ^ C h  
N J ^ C D O - m - ' O O W ' O C D
W  O '  CD -  W  
VJ — £► — <_* —* 0 00 00 00 00 0o a o o o o o o o o o
o o 6 
o o o
O' NJ V4 CO CO <30 v© >o V© •49 'OO © o o o 22 n n o  O 00NJ O ' Oscn a . 04NJUl G* O'o o o o o © O O o o
C/1NJ— O ' U1 NJNJInNJ OJO ' InNJ O 'NJ O 'NJCKNJNJ 22UJO ' CKCO o- o oNJb(41 00© oNJNJ JkLA CK3 5 r “ 6 £ oo04O'©• o 04 —•ro —oo 8 8 8 ©© bo 8 8 b bo
OPAPHIUAL OUTPUT
CREATE INPUT FILE 








1e-3 ,10e-3 ,1GG,200,0,0,86e-3,0 ,0




io  a ttach f i l e 0 5  v f i l e _  in pu t  
io  a t tach f i l e 0 6  v f i l e _  ouput 
t rans
io detach f i I e 06 
io detach f i l e 0 7
output now w r i t t e n  to  f i l e :  ou tpu t
«ust now add blank, l i n e  to end of ou tpu t  f i l e
to run graphics program type
io a t tach f i 1e16 v f i l e _  output
sg -o f  graph
grap
The prograM w i l l  then ask how Many graphs you have to  en te r ,  type say 
1
f i l e  graph .g raph ics  now con ta ins  graph
i f  you are perform ing a t ra n s ie n t  ana lys is  you en ter the number o f  cyc les .
/
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r e s id . fo r t ra n 07/06/84 1 M 2.7  bst Sun
This program produces t ra n s ie n t  temperatures derived 
during the process o f plasma spraying.
dimension e ( 3 0 0 ) , v ( 3 0 0 ) , g < 3 0 0 ) , t (300),de(300),cp<300)
dimension temp( 100) , te n p n (100) , so l idC 100>,tem pr(10#)
common i la y , la y e r s ,a u n t , s o l id ,k ,e , v ,g , t , c p ,d e , t e m p , te m p * , lo o p , i t s  tee
rea l  k<300)
set up i n i t i a l  data 
u r i t e ( 6 , 201)
201 format( 1 x , " Enter the la te n t  heat of fus ion  fo r  Z i r c o n i a , ' , / ,
I '  temperature of Z ircon ia  at a r r i v a l  a t the substra te s e r f a c e , ' , / ,
X' melt ing po in t  of z i r c o n i a / , / ,
X' temperatue at which e la s t ic  p rope rt ies  can be assumed f o r  the c o a t i n g . ' , / ,
X' Units  must be c o n s i s t e n t . ' , / ,
X' i e : 480000,3000,2700,2000', /) 
r e a d ( 5 ,1 0 2 ) l a t , t p la z , t n e l t , t e l a s t  
w r i te (6 ,3 0 1 )
301 f o r m a t d x , '  Enter the number of layers to  be sprayed, 1 or 2 ' , / )  
re a d (5 ,102) layers 
wr ite<6,401)
401 f o r m a t d x , '  Enter number of elements layer should be d iv ided  i n t o , ' , / ,
X' the th ickness of the l a y e r , ' , / ,
X' the time step to be used fo r  c a l c u l a t i o n , ' , / ,
X' time in te rv a l  you wish to use between stored d a t a , ' , / ,
X' and time span fo r  c a l c u l a t i o n s . ' , / ,
X' ie :3 2 ,1 e -4 ,1 e -6 ,1 e -5 ,1 e -4 ' , />  
re a d (5 ,102) n u m ,th ic k ,d e l t , ts te p , ts p a n  
i t s t e p = ( t s te p /d e l t+ 0 . 1) 
th ick * th ick /nu m  
i lo o p = ts p a n /d e l t+ 0.01
102 fo rm at(v )  
u r i t e U ,5 0 1 )
501 f o r m a t d x , '  Enter fo r  both Z ircon ia  and the subs tra te ,  the thermal c o n d n c t i v i t y , '  
X' dens i ty  and s p e c i f ic  heat c a p a c i t y ' , / ,
X' i e s l , 30 ,3800,7850,800 ,460 ', / ,
X' This data set gives the Z ircon ia  a co n d u c t iv i ty  o f 1U/nK, dens i ty  o f  3000kg/n3' 
X' and a heat capac ity  o f 800J/KgK. The substra t  has a co n d u c t iv i ty  o f 3 0 U /n k , ' , /  
X' dens i ty  o f 7t50Kg/n3 and a heat capac i ty  o f  440J /S g* . ' , />
readt S“f 1 (17 > c e r K, He t  *  , c e f f > e  t 9, c > r t , netC' 
u r i te (6 ,6 0 1 )
601 f o r m a t d x , '  Enter the substra te  th ickness ,  number of elements in  subs tra te ,  
I '  and the i n i t i a l  temperatue of the s u b s t r a t e . ' , / ,
I '  i t :  10e-3 ,20 ,300 ', / )
read(5,102) th ick2 ,n u n 2 ,s ta r tT
nunt-nun
t l l = s t a r t T
do 50 i l a y =1 , layers
set up i n i t i a l  temperature d d is tn b u t io n  
loop=0
do 10 i = 1,100
k < i ) =«*e tK
te n p ( i )= s ta r tT
de(i)=netD
cp(i)=netC
t ( i ) = t h i c k 2/num2
set up plasma spayed layers  temperatures and p rope rt ies  
10 continue
do 30 i  t =1,num 
t ( i t ) = t h i c k  
k ( i t )= c e rk  
de ( i t )=ce rB  
ep( i t )=cerC  
30 continue
do 60 i t = 1 , numt 
tempi i t ) * t p l a z  
60 continue 
ntot=nun+«u*2
the m atr ix  s o l id  contains the energy required 
fo r  each s t r i p  o f l i q u i d  z irc o n ia  to s o l i d i f y ,  
do 61 i r s = 1,numt 
s o l i d ( i r s ) = d e ( i r s ) * t ( i r s ) * l a t
61 continue
do 62 i r s * n u n t d , n t o t  
s o l i d ( i r s )*0
62 continue
c a l l  subroutine fo r  c a lc u la t in g  temperature d i s t r i b u t i o n  
c a l l  t e m p p r o th f , t f , t i l , n t o t , d e l t , t i n e , t m e l t , t e l a s t , n u m , i l o o p )
re set the number of layers of ceramic which w i l l
b e  a p p l i e d  
n u n t= in t (nu n /1 .9999) 
th ic k = th ic k #2
u r i te (6 ,1 0 3 )
103 f o r n a t d x , "  next la y e r " )
30 continue
i f ( l a y e r s . e q . 2) goto 42 
do 41 iuy=1,100 
t e n p r ( iu y )=0
41 continue 
goto 46
42 do 43 iuy=1,nunt 
t e n p r ( iu y )=0
43 continue
do 44 iuy=nunt+1,nun 
te n p r ( iu y ) = te la s t - s ta r tT
44 continue
do 43 iuy=nun*1,n to t 
te n p r ( iu y )=0
45 continue
46 continue
u r i t e ( 1 4 , 4 0 ) ( t e n p r ( i ) , i= 1 , a t o t ) 





subrou tine t e n p p r o ( h f , t f , t 11, n t o t , d e l t , t i n e , t n e l t , t e l a s t , n u n , i l o o p )
progran to  c a lc u la te  the tenpera ture d i s t r i b u t i o n  in  a n u l t i  la ye r  d isc  
I n p l i c i t  nethod (Crank-Nicolson) vers ion
The t in e  step i s  0.0001 sec.
d inension e<300),v(300>,g (300), t(300>,de(300),cp(300) 
dinension a (200) t b (200) , c ( 200) , d ( 200) 
d inension so l i d d  00) , tenp ( 100) , tenpn( 100) 
rea l k(300)
connon i l a y ,  layer  s ,n u n t ,  so l id ,  k , e , v , g , t ,  cp,<4e, tenp, te«on, lo o p , i t s te p
in tege r  t t
i t r a n *0

~  i f  ( ( t i n p < n n t . f & e i n ; ¥ a r . f s o l i d ( i > : g t . 0 . 5 ) 1  t h e n
q l a t =2* ( tenp( i ) - t e n p ( i - H ) ) / ( ( t ( i ) / k ( i ) ) + < t ( i * l ) / k ( i *1 >)) 
i f ( ( q l a t * d e l t ) . g t . s o l i d ( i ) ) q l a t = s o l i d ( i ) / d e l t  
d ( i ) = t n e l t
s o l i d ( i ) = s o l i d ( i ) - ( q l a t * d e l t )  
e n d i f  
20 continue
c
c solve t r i - d ia g o n a l  n a t r i x
c
n=ntot
c a l l  t r i d i g ( a , b , c , d , n , j , n u n )
c
c check temperature of ( 10- i t r a n ) ' t h  la ye r  i f  less
c than t e la s t  then e la s t ic  p ro pe r t ies  have s ta r te d
c Therefore f in d  temperature of previous laye r  at
c t h i s  sane t i n e ,  the temperature d i f fe re n c e  w i l l
c de f ine  the res idu a l s tress  p a t te rn ,
c
i f ( t e n p ( n t o t - 10- i t r a n ) . g t . t e l a s t )  goto 110 
i f ( lo o p .g t .O .S )  goto 110
te n p n ( n to t -1 0 - i t r a n ) = te n p ( n to t - 1 0 - i t r a « ) - te n p ( i t o t - 9 - i t r a n )  
i t r a n = i t r a n *1
i f ( i t r a n . g t . ( n t o t - 1 0 . 3 ) )  loop=1 
110 continue
c
c w r i te  out re s u l ts  
x - x * \
i f ( a b s ( x - i t s t e p ) . g t . 0 . 00001) goto 10
c
i f ( l a y e r s . e q . 2 . a n d . i l a y .e q . 1) goto 10 
w r i t e (70,70) t in e , ( t e m p < i ) , i = 1 , n t o t )
70 f o r n a t ( 1 x , / , f 5 . 2 , 1 0 0 f 10.2) 









subroutine t r i d i g ( a , b , c , d , n , j , n u n )
C program to  so lve a t r id ia g o n a l  n a t r i x  w ith  leading diagonal 
c c o e f f i c ie n ts  'b ' ,s u b -d ia g o n a ls  ' a ' ,  super-d iagonals ' c '  and 
c r i g h t  hand sides ' d ' .
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